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NOTICE

This report was prepared as an account of government-sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on be-
half of NASA:

(a)

(b)

makes warranty of representation, expressed or
implied with respect to the accuracy, complete~-
ness, or usefulness of the information contained
in this report, or that the use of any informa-
tion, apparatus, method, or process disclosed in
this report may not infringe privately owned
rights; .

assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method or process dis-
closed in this report.

As used above, "person acting on behalf of NASA" includes any
employees or contractor of NASA, or employee of such contractor
to the extent that such contractor prepares, disseminates, or
provides access to any information pursuant to his employment
with such contractor.
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PREFACE

The material contained in this report summarizes and consolidates
pertinent information on specifications, manufacturing process and test
controls, and performance results for OAO batteries. The 20 Ampere-hour
sealed nickel cadmium cells for these batteries were manufactured and
tested under the most stringent quality assurance requirements used to date,
closely monitored by Grumman and NASA/GSFC engineering. The report relates
changes in cell and battery performance to improvements in these controls.
By updating the cell/battery computer model used in the OAQO FPower Supply
Simulation Program, this report also improve battery performance prediction
capability significantly.

Applicability of regression analysis technigues to correlate process
controls to cell performance proved to be somewhat limited. However, this
effort showed several areas where further control imrpovements, especially:
in documentation and traceability improvements, would not only' pmvidé more
uniform results, but would also enable more sharply defined correlations.

The cell data analyzed hereln is taken from lots manufactured and
tested for 0Ad-2, OAO-B, and OAO-3 flight and flight spare use. While
trends and correlations were shown to exist on these data, the reader is
cautioned in his interpretation of these results in application to other
nickel cadmium cells. ‘

The authors gratefully acknowledge the guldance, assistance, pro-
vision of data, patience and understanding of Messrs. Floyd E. Ford and
' Thomas J. Hennigan, Sr. of FASA/GSFC. Their helpfulness has been in-
valuable to the sucessful completion of this effort.

Gratitude is also hereby expressed to Messrs. E. E. Miller and
F. Burgess of Grumman for their assistance in the preparation of this
report, and to Me‘ssrs. I. Schulman and E. Kipp of Gulton Battery Corpo-
ration, for supplying required information,
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INTRODUCTION

The OAO (Orbiting Astronomical Observatory) spacecraft mumber 2 has success-
fully completed over three years and 16,000 orbits, powered by a solar array/nickel
cadmium battery power source.

The battery assembly consists of three parallel connected strings of 21 (oa0-2)
or 22 (0AO=-3 and following) series connected cells, divided into two sub-assemblies
(battery stacks) as shown in photograph on page . Each steck has an assigned
serial mmber, the higher of which contains the third electrode cells,

Each cell is insulated with Kapton £ilm end potting compound (Dow-Corning
mmber 325) and faces a 1/8" thick anodized aluminum heat fin. Each heat fin, in
turn, is mounted against a thermally louvered heat sink., Quad-redundant temperature
sensing resistors and thermostats are mounted directly against the coldest and hottest
cell surfaces for thermal control, The total battery weight is about 165 pounds.

The primary charge mode is a voltage versus temperature charge control. Eight
voltage/temperature (BVLS) levels are available for charge control., The charge
backup mode consists of a preset trip level generated from the oxygen sensing auxil-
iary electrodes.

Prior to OAO-2 batteries, it was common practice for the user to specify a
minimm of quality assurence and control provisions on the cell component level,
A considerable amount of testing on flight cells was therefore required to obtain
an acceptable reliability level. A different approach was taken here, starting from
0A0-2 spacecraft flight units. Each component, material and manufacturing step was
carefully and continuously reviewed by an engineering team with representation from
NASA/G-SFC Grummen and the manufacturer. The results of these reviews were 1ncor_porated .
in parallel, and interactively, into the OAO cell specification and the NASA/GSFC-
Industry interim high reliability cell specification (Reference 1), Total Grwmman
engineering and/or quality control coverage monitored and enforced the provisions
thereby generated, assessed the results-tirereof is terms of cell and battery performance,
life and reliability, and evaluated and analyzed cell test data to update and :merofe
both specifications noted above. As a result, flight hardware for OAO-2 and on
appears to represent the highest state-of-the-art to date. '

The data presented herein has been taken from the four assemblies of OAO
batteries constructed since the 0AO-2 flight set (S/N 25A and 26A). The list below
shows these batteries, their production dates and vehicle assignments. '



Battery Assembly Date of Mfg. (Filling No. of

o/N with Electrolyte) Cells/Bett. Vehicle Assignment
25A and 26A August 28, 1968 " 21 OAO-2 Flight
30 and 31 October 9-16, 1968 21 QA0 Backup, then

22 QAD-B* Flight

32 and 33 | August-September 1969 22  OAO-B Flight
34 and 35 July-August 1970 22 QAD-B Backup, then
0A0-3 Flight Backup

_36 and 3T** April 1972 22 OA0O-3 Backup

NOTES:

*  S/N 30 and 31 were not flown.
¥t S/N 36 and 37 were constructed during the vriting of this report
and limited data is avallable,

~ The amount of cell production data on these later assemblies will
be enhanced by progressively increased efforts to control cell materials

and manufacturing processes.

The report is divided into sections, each of which follows a particular
phase of battery assembly from material selection through final battery
performance in tests and flight. '

 Preceding page blank



SECTION 1.0

PROCESS CONTROLS

This section documents the controls employed durlng thc manufacture of the
OAO batteries. It includes data on physical and chemical analyses of those compo-
nents intrinsic to the cell (separator, electrolyte and plates) as well as extrinsic
factors (effect of plate weight screening).

1.1 CHRONOIOGY OF PROCESS CONTROLS AND CELL SPECIFICATION DEVELOPMENT
During the fabrication of the subject batterles, frequent changes were made
to the cell manufacturing pmceés. Many of these changes were the result of in-

creased understanding of the nickel-cadmium state-of-the-art. Others were incorp- ~
orated to increase reliability of the finished batteries.

Table 1.1 presents a summary of the cell process changes made during the
subject battery builds. It is to be used 1n' conjunction with OAO cell Specification
Nb. AV-252CS-25F, Appendix B. The cell changes, the battery first affected, and
the specification persgraph changed, are all listed in the table.

1.2 PRE-CELL FABRICATION
Included in this section are the results of many of the analyses performed

on the subject battery cell components. These include separator, KOH and plate
anslyses from the four batteries manufactured, beginning with the batteries
currently in the OAO-2 spacecreft (S/N 254, 264).

1.2.1 Separator

Effort here included analysis of and improvements to physical parameters
(thickness, strength, porosity, wettability, ete.) chemical characteristics (purity),
electrical parameters (resistivity, interference with electrochemical reactions, ete.)
and handling requirements (lot control, washing and drying, etc.). The:following -
suwimarizes this work and its results.

Much controversy arose in the latter part of 1968 concerning the value of
wetting agents in geparator material. At that time, the batterles originally in- -
tended for the OAO-2 flight sets showed higher-than-expected cell voltages during
spacecraft tests at Goddard Space Flight Center, and it was speculated that the
presence of wetting agents in the separators of those batteries could be causing
the anomaly,

The addition of wetting agents to the separator was a result of requests by
battery manufacturers to suppliers of nylon spearator materials for faster wetting
times in commercial cells,
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A high voltage trend was observed by various serospace cell users
in thosé cells having separators with wetting agents. It was postulated
that these wetting agents were interfering with the electrochemical
reactions of the cell, Since there 1s no necessity for "quick-wets” in
aerospace-grade sealed Ni-Cd cells, it is generally felt that these
agents should be absent from such cells. The NASA interim high-reliabllity
cell specification incorporated this constraint, as did the OAO cell
specification, beginning with S/N 25A, 26A battery construction.

Not only wetting agents, but other possible mechanisms which could
interfere with the electrochemiocal reactions of Ni-Cd cells causing ab-
normal cell performance, became the targets of extensive study and intensive
investigation. By the time of the issuance of the NASA interim high-
reliability specification, numerous chemical and physical tests had been
defined for separator quality assurance alone., Among the quality tests
incorporeted in the OAO cell spec were the following (see OAO cell epec
AV 252-CS-25F, Appendix B - Paregraph 3.L4.3):

o Name of separator material supplier

0 Base materlal

o Fiber manufacturer .

- part mmmber
~ lot number
- date of mfg.

o Separator suppliers style mmber
- lot number
- date of mfg.

Material slit by:

Absence or presence of wetting agents added by separator supplier?
Type of wash and number of timee pmm‘w_r \n.shed

Nominal, maximum and minimm thickness

Weight (gn/me) on three samples

Dimensions and dimensional changes (width, length and thickness
when wet and when dry)

Percent thickness change

Wet volume

o 0o o 0o O O

Electrolyte absorption
Electrolyte retention
Porosity

o 0O 0 o ©o



Separator resistance '
Tensile strength and appearance of break
Analysis of organic content
Analysis of inorganic content
Discoloration in electrolyte

The OAO cell manufacturer uses Pellon style 2505 separator* .in the
finished cell but uses Dynel and Viscon separator during plate formation.
Pellon lot #16015 was used for battery S/N's 254, 26A through 32, 33 while
lot #17160 was used for S/F 34, 35. Neither 1ot contained wetting agents.

© 0O o O ©o

Included in Tables 1.2.1-1 through 1.2.1-3 are the results of the
determination of the organic and inorganic content of the various separ-
ators.?, The organic content was obtained by a method defined in paragreph
3.4.3.1.6 of the OAO cell specification (see Appendix B). The determination
of the inorganics was accomplished by the following analyses:

NITRATE The Taylor method with phenoldisulfonic acid
SILICA ' The Taylor method using color reagent one and two
CARBONATE The Barium-Chloride method '
NICKEL Atomic Absorption method

ZINC Atomic Absorption method

TITANIWM Sulfuric-Acid Peroxide Colordmetric method
CHLORIDE The Mohr method

A sample of pellon (lot #17160) was ashed and analyzed for inorganic
constituents using a8 Baird atomic emission spectrogreph. This spectrogram
is shown in Figure 1l.2.1-l. . ]

Shownin Table 1l.2.1-1 is the specifieation,target for total organics
and inorganics. Although the target for total inorganics is less than
1.0% by weight, it was controlled tighter (lese than 0.25% by weight)
for OAD battery S/N's 254, 26A through 32, 33.

Tgbles 1.2.1~4 through 1.2.1-6 1list results of the determination of
the physical properties of the pellon seperators. Table 1.2,1-Tis &
listing of explanatory notes on how the tesis were conducted and on which
cell batches these separator lots were used.

* Formerly designated as 2505 ML
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Table 1.2.1-4 Pellon Lot #16015

Test Maximum Minimum Mean # Samples
Dimensional®
Thickness (dry)(cm) 0.0k2 0.041 0.0458 110
{wet)(cm) 0.095 0.088 0.0915 -
Electrolyte .l\'btsorptione
Dry weight (gms) 0.5 0.5 0.5 N
Wet weight (gnms) L7 L7 L.7 4
Grams of electrolyte absorbed k.2 4.2 4.2 -
Porosity - - - -
Resistance @
Separator resistance (ohm-cmz) 0.069 0.060 0.065 -
Tensile Strength at Break
(1vs) 6.0 5.0 5.75 L
Air Permeabilitya
(seconds to pass 300 cc) 2.5 2.5 2.5 -
Wettability®
(seconds to minimum resistance 80 66 72 -
Wicking - 35% Ko ®
Height (mm) € S minutes 0 0 0 -
15 minutes 2.5 2 2.25 -
30 minutes T.0 5.5 6.25 -

NOTE: See Table 1,2,1-7 for superscript explamations




Table 1.2.1-5 Pellon Lot #17160

Test Maximum Minimum Mean # Samples
Dimensional ©
Length  wet (cm) 6.5 6.5 6.5 9
dry (em) 6.5 6.5 6.5 9
Width wet (em) 2.5 2.5 2.5 9
ary (em) 2.5 2.5 2.5 9
Thickness wet {cm) 0.043 0.035 0.0395 9
_ ary (cm) 0.045 0.037 0.0b413 9
¢ thickness change 9.1% 2.2% L.3% 9
Electrolyte Absorption®
Dry weight (gms) 0.1076 0.0858 0.0984 9
Vet weight (gms)? 1.0250 0.790L 0.9605 9
Grams of electrolyte absorbed 0.9246 0.7046 0.8621 9
Grams of electrolyte retained 0.8359 0.61L1 0.7450 9
4 electrolyte retained 96% 7% 86.7%
Porositxd
Percent porosity 125% 104% 115% 9
Resistancéc
Separator resistance (ohm-cu’) o.ob43 | 0.0081 | 0.0198 6
Specific resistivity {ohm-cm) 0.969 0.177 0.433 6
Tensile Strength at Breék
{1bs) 6.5 5.0 5.75 L
Discoloration of Sample in
Electrolyte - NONE -

NOTE: See Table 1.2,1-T for superscript explanations
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Table 1.2.1-6 Pellon Lot #11097
(Third Electrode Separator)

Test Maximum Minimum Mean # Samples

Dimensional ©

Thickness wet {(cm) 0.038 0.025 0.0312 18

dry (cm) 0.035 0.025 0.0295 18

Electrolyte Absorption

Dry weight (gms) 0.1080 0.0770 0.0904 18

Wet weight (gms)? 1.0770 0.7460 0.8982 18

Grams of electrolyte absorbed 0.9730 0.6670 0.8079 18

Grams of electrolyte retained 0.8730 0.5940 0.7160 18

% electrolyte retained 93% 85% 88.7% 18
Pc»rosit:yd

Percent porosity 148% oT% 115.1% 18
Resistance ¢

Separator resistance (ohm—cmz) 0.258 0.080 0.185 3

Specific resistivity (ohm-cm) 0.0079 0.0016 0.0047
Percent Elongation 1.230 0.625 0.928 -

NOTE: See Table 1.2.1-T for superscript explanation

1
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1.2.2 Electrodes

The OAO cell contains nilne (9) positive and ten (10) negative sintered
plaque electrodes. The elctrodes are rectangular, approximately 13 cm x T cm
and range in thickness from 0,081 cm to 0.095 cm (positive) and 0,079 em to 0,087
cm (negative). An oxygen sensing electrode is included in some cells as a method
of charge control. This electrode is U-shaped, located around the narrow sides
and bottom of the cell pack, and measures approximately 36.8 at x 1.9 cm x 0.07 em.
It is also wrapped in Pellon separator, but one which is thinner than that used in
plate separation. The plates are initially tested at the plate manufacturer's
facility (Socie'te' des Accumulateurs Fixes et de Traction - S.A.F.T.) for the
properties shown in Table 1.2.2-1 and Table 1.2.2-2, Also presented 1s the calcu-
lated plate utilization in ampere-hours per gram of active material, based on the
hydrate loading and the results of the SAFT sample capacity test.

No information is aveilable on the nitrate and carbonate content of the plates
used in the subject batteries. However, subsequent to OAO battery S/N 34, 35, the
cell specification incorporated a requirement for the cell manufacturer to perform
a determination of the electrode's nitrate and carbonate content. The results of
the tests, as performed by Gulton Industries, are shown in Table 1.2.2-3 for OAO
battery S/N 36, 37. Also shown are the results of carbonate analyses performed at
SAFT. The nitrate test employed the standard Kjeldahl method of nitrate detemin-
ation, while the carbonafe content was determined by a leaching/titration method.
A modification to the carbonate determination is performed on the positive plate,
by Gulton, in which acid is added to a pulverized plate sample and the quantity
of 002 gas evolved is measured. The current OAO cell specification (Appendix B,
Paragraph 3.4.5.4.2.8.4.3) defines a nitrate maximum requirement of 330 micrograms
per gram of active material, sinter and substrate on the nickel electrode and a
maximm of 10 milligrams of carbonate per gram of active material, sinter and
substrate, on the cedmium electrode. The design goal for the carbonate content
is less than 5 milligrams per gram of electrode.

No additives were reported in the plates. However, at least one source has
found cobalt present in the positive p]ate.h

A chemical analysis5 was performed in April, 1968, on an OAO cell (S/N 221)
in which cobalt was also detected in the nickel electrode, Table 1.2.2-4

16
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shows the results of the combined analyses on the negative and positive
electrodes, as well as the third (adhydrode) electrode. It should be
noted that silicon is present in significant amounts. However, the plates
in this analysis were from an earlier assembly than S/N 25A, 26A, and at
this time the silica content in the water used for rinsing plé.tes was not
controlled. Beginning with S/N 254, 26A, the OAO cell specification required
a maximum silica content in the water of 1 ppm.
1,2.3 Electrolyte

The OAO cell specification req{zires complete traceability of the electro-
lyte back to the manufacturers batch number, grede and analysis, The date
the electrolyte is purchased as veli as the date thet the container is first
opened is also recorded. :

Potassium hydroxide "mercury cell” grade electrolyte is mixed with
distilled water to the required concentration. The following specification
requirements ensure a contamination-free electrolyte:

TTEM SPECIFICATION TEST PROCEDURE USED
Distilled Water - silica content less than
1 ppm :
- p0lids content less than
%0 ppm
Electrolyte - carbonate content less double titretion with
than 0,01 gm/liter phenclphthalein and
- hydroxyl ilon concentration & methyl orange
held to +20 mg/cc enalytical methods -
- nitrate content of 1 mg/liter colorimetric analysis
or less .
- content of silver, cobalt, spectrochemical analysis

copper, iron, sulfur, zinc
and any other impurities
present in concentrations
greater than 100 ppm shall
be noted and reported

The spectrogrephic results for the électmly‘te used in OAO battery S/N's
32; 33, 34, 35, 36, and 37 are shown in Table 1.2.3-1.

1.2.4 Cell Terminals '

All standard 0AO cells for batteries up to and including battery serial
number 32 hed one insulated (ceramic) terminal. The other terminal (negative) -
was welded directly to the case cover. All auxiliary electrode cells had two
insulated terminals. The auxiliary electrode tab was welded to the underside

of the cover.
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The decision to use one insulated terminel on OAQ standard cell was made

several years back when insulated temminal seal latkage was the predominant

ethanism in cell failure,

< Early in 1967, Grumman funded & study for & ceremic seal improvement
for the OAO cell. This study resulted in the addition of a "stress relief
collar"; the use of the silver-copper eutectic brage alloy to replace silver
breze; and the addition of nickel plating over the braze material to the
underside of the cover assembly; As a result of these terminal modificetions,
seal failures became rare as cell life detemining factors, However, some
terminal corrosion (plating) problems were observed whereby the brate material
formed a "bridge" across the ceramic sleeve causing an internal cell short.
Also occasionally, during cell testing, when & voltage probe, or any other
metal object touched both terminal stud and cover, the accident caused
permanent damage to the seal.

To further improve cell performance reliability it was decided, in
1969, to change from one to two insulated teminals. This decision was
malnly based on the follo'wingsz

o Higher reliability for the insulated terminal was achieved by
addition of the "stress relief member (collar)" and change to the
silver-copper braze alloy plus nickel plating.

o A slover plating (cormsion) rate of braze material across the
ceramic was observed when two, rether than one, insulated terminals
are present. Now a total of two shorts (one across each ceramic)
need to be present for a cell to fail electrically.

o Accidentally induced external shorts between a terminal and the
container will not support sufficient current to permanently
damage the seal.

In November 1968 it was discovered that cells, constructed 9-12 months
earlier had developed leaks through the lower nickel-iron cup of the tem1m1,7
It was determined that the acidic tinning flux used for the soldering operation
was trepped in the terminal cavity causing stress corrosion. This problem
was eliminated when the terminal cavity was blocked, using a silicone potting
material (E.C. 1663) prior to the fluxing operation. This potting material
vas removed after completion of timning, and assuring that all flux treces
were removed. In addition, precautionary instructions were added to the
cell specification (see Appendix B, Paregraphs 3.4.6.2 and 4.5.15) and to all
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Table 1,2.3-1 KOH Analysis

Element S/N 32, 33 S/N 34, 35 S/N 36, 37
Aluminum vit vit Vit
Arsenic ND ~ ND ND
Antimony ND ND ND
Berium ND ND "ND
Boron ND ND ND
Bismuth ND ND ND
Cadmium ND ND ND
Calcium ND ND ND
Carbon X X X
Chromium ND D ND
Cobalt . ND ND ND -
Copper vit ND ND
Iron vit ND ND
Lead ND ND ND
Lithium ND ND * ND
Magnesium vft ND ND
Mangeanese vit ND ND
Mercury X X X
Molybdenum ND ND ND
Niobium ND ND ND
Nickel ND ND ND
Phosphorus X X X
Potassium P PH P
Sodium ND ft ND
Sulfur X X X
Silicon vit ND ND
Silver vft ND ND
Tantalum ND ND ND
Tellurium X X X
Tin ND ND ND
Titanium ND ND ND
Tungsten ND KD ND
Uranium X X X
Vanadium ND ND ND
Zinc ND KD ND
Zirconium ND ND ND
P - 10 to 100% X - Not tested . ft - Less than 0.01%

KD - Not Detected H -~ Upper half of range shown vft - Very faint trace
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cell/battery operational instructions. These require a thorough cleaning
and drying of the cavity after each phenolphthalein lesk check,

1.3 CELL FABRICATION

Once the plates have been imspected and approved, they are screened
according to plate weight. This procedure was incqgporated beginning with
the assembly of battery S/N 34, 35 and consiste of first determiming the
average weight of all the positive or negative electrodes and then rejecting
any plates which fall outside :3.5‘ of the average. The effect of plate
weight screening is to improve capacity uniformity among the cells in the
battery. This was shown in an analysis performed at Goddard Space Flight
Center by G. Halpert. '

Table 1.3 shows how plate weight screening reduced the spread in capecity
smong cells in battery S/N 34, 35. The standard deviation of capacity
in these cells (6 = 0.33) is spproximately half of that observed in cells
without screening. Since the cells are designed to be positive limiting
both on charge and discharge, the distributions reflect the correlation of
positive plate weight with capacity and cannot reveal wvhether the negative
capacity distribution is also tightened by weight screening.

Battery 6/N Flate weignt ~ Mean Capacity Capecity Std. Range

Screened? A= Deviation (A-hr,) {A-hr

§7i 2%, 26A no 25, . « 2e 3

30,31 . no 25.63 0.69 . 3.66

32, 33 no 26,22 0.51 . 3.68

34, 35 yes 23.27 0.33 . 1,50
TABIE 1.3

Effect of Plate Weight Screening (Plate Average Weight +3.5%)
On Cell Capacity
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SECTION 2.0
INITIAL CELL PERFORMANCE AT SELLER'S (CELL MANUFACTURER'S) FACILITY

2,1 EFELECTRICAL TESTING

This section summarizes the results of the initial tesling performed ab
the seller's facility on both the electrode packs and finished cells. In-
cluded are (in the order of the cell fabrication):

e Formstion

Precharge

Manufacturer's electrical testing
GAC cell selection tests

Ratio tests

2,1.1 Formation
The formetion {electrochemical cleaning operation) is performed at Gulton

on individual packs of nine positive and ten negative electrodes using & comb-
ination of Viscon and Dynel separator material and placed in open nylon contain-
ers. The packs are flooded to a minimum of 1/b4 inch above the separator with
34% potassium hydroxide solution. The packs soask at room temperature for a
minimum of four hours and a maximum of twenty-four hours prior to the Tirst
electrical operation. All electrical connections to the pack or between the
electrodes in the pack which are susceptible to attack by electrolyte are either
of stainless steel or nickel plated materisls. Electrolyte level is maintained
throughout the operation at 1/4 inch above the separator by adding 34% KOH when
necessary. ’

The electrical regime consists of a series of charge-discharge cycles
(Gulton proprietary) followed by & ¢/2 discharge to 0.70 +0.1 volt to determine
the positive electrode capacity. After a 0.1Q drain on individual cells to
0.1 #0.1 volts, the total negative electrode capacity is determined by an
additional 2.0 amp discharge to -0.25 volts.

Following the formation cycling and electrode capacity determination, the
packs are disassembled,- the positive and negative electrodes are separated and
immediately submerged in separate de-ionized water baths. This rinsing operation
is compieted when the last drippings from the seample electrodes display & Fh
reading of 6 to 8. The plates are then air dried at 50 +5°C for e 16-2k
hour period. The deionized water used to wash the plates must exhibit e
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resistivity greater than 1.0 megolm-cm, & eilica content less than 1.0 ppm,
and a solids content less than 50 ppm.

Figures 2.1.1-1 and 2,1.1-2 show the distribution of the positive and
negative electrode capacities during the formation discharge. The effect
of the plate weight screening shows as a tighter distribution for the positive

. plates on S/N 34, 35, although the negative capacity spread did not appreciably
change. This suggests that the weight screening of the negative electrodes did
not improve the spread of negative plate capacity. The point may be erroneous,
however, since during the formmtion discharge the cell reverses to only -0.25
volts. Perhaps if the cell were discharged down to -1.0 volts, the true value
of the negative electrode oapacity would be realized. The -0.25 volt inter-
cept occurs at the beginning of the negative electrode discharge curve "knee"
and hence is not completely representative of the total negative capacity
(see Figure 2.1,1-3). It has been determined, in fact, that & 10 amp
discharge down to -1.0 volt consistently reveals an additional 10%
negative capacity than is shown by & 2 amp discharge to ~0.25 volte. Based on
results from NASA/GSFC,BAahwing a strong correlation between negative plate
veight and capacity, it 1s expected that, if the discharges hed been wade
down to -1.0 volts, the distribwtion of negative capecity would be tighter for
the S/R 34, 35 cells then for the cells bullt previous to battery S/N 34, 35.
2.1.2 Precharge .

Precharging the negative electrode is desirable in sealed Ni1-Cd cells to
have a charged cadmium reserve to prevent a negative electrode capacity limit-
ing condition during discharge in cycling.g’ 10 It is desimabdle that a certain
amount of precharge (usually a proportion of the total negative) exists, and
that this amount be known and controllable., In reviewing the literature
one can find a wide diversity 6? precharging techniques, each with:its own
degree of uncertainty as to the ssiount of precharging which the cedmium electrode
reoceives. )

. To resolve some of these uncertainties, FASA/GSFC and Grummen undertook steps
during the construction of battery S/N 34, 35 t0 measure and set the precharge on
the negative electrode.¥igure 2,1.2-1 shows, in diagram form, the Bulton pre-
charge operation, Cells are charged in a rete/time method vhere most of the
oxygen gas evolving from the fully charged nickel electrodes can escape, thereby
minimizing the recombination at the negative electrode. Hence, the pegatives
will receive an additional charge over the positives, Upon dischayge
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this will show up as a reserve supply of charged negative and thus ensure the
cell to be positive limiting. OFf course it is undesirable for the negatives

to become fully charged at the end of charge as this could make the cell nega-
tive-limiting on charge where hydrogen gas evolution would occur. It can be
appreciated that this technique is valuable but can present difficulty if the
negatives are charged too much or too little. To control this precharge set-~
ting it is essential to determine the negative electrode residual charge content
(ca) after the washing end drying operation. Figure 2.1.2-2 shows the apparatus
used by GAC and NASA/GSFC to measure the precharge more relisbly., It consists
essentially of apparatus to collect the gas which evolves from the cell while

it is on charge. The gas was analyzed and found to be essentially oxygen. The
quantity of oxygen gas evolved can be considered as the equivalent amount of
negative capacity stored in excess of the positive capacity when both electrodes
were started on charge from the fully discharged state.

Figures 2.1,2-3 through 2.1.2-T show plots of the gas evolution on charge
as a funetion of time., A few items to be noted are that there is quite a spread
in the final amount of gﬁs generated during the period on charge and that each
cell begins gassing slightly below nine hours. The cells appear to gas when the
positive electrodes reach full charge which, for a positive plate capacity of
about 27 A-hrs., should be around 8.7 hours at the 3,1 amp rate. Thus the onset
of gassing is consistent with the expected. 1In this test the cells were found
to evolve between 60 ml and 1600 ml of oxygen during the period, representing
precharges ranging from 0,25 A-hr. to 7.2 A-hr,, based on 1 A-hr. of precharge
being equivalent to 220 ml of oxygen gas. '

Some of the cells were later subjected to ratio tests where the actual
precharge was measured. As Figure 2,1.2-8 shows, 1k a strong correlation exists
between the amount of gas collected and the measured precharge. The theoretical
220 ml/A-hr. line is also shown. It appears that the theoretical line has the
correct slope but should be shifted to the right of the origin. In other words,
the cells seem to exhibit a threshold (of about 300 ml) of gas which must evolve
before any precharge is measurable on the cadmium plates. Shifting the theoretical
line to the right by 300 ml fits the data nicely. Thus, the equation for deter-

mining precharge, based on gas measurements, can be written as:
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Y o = Xpy - 3%
b oPY 220

where

xml = ml of 02 evolved

YA-hr. = precharge negative

Some sources have indicated that more reliable precharge results may be
obtained when an electrical cycle is executed ﬁrsf , before the precharge
operation. This was done on an experimental basis for a few cells in the
OAO battery S/N 34, 35 manufacture and the results are shown in Figure 2.1.2-9.
Also tried was an incrementel venting technique whereby the pressui-e was
alloved to build up in cells to a pre-determined level and then the cell was
pertislly evacuated, leaving a residusl positive pressure. This was perfoimed
sequentially for the duretion of the charge and the precharge calculated as a
Aumction of the cell case volume and pressure relationship. Figure 2.1.219
shows that, not only did the celle which had received one electrical cycle
prior to the precharge operation evolve gas earlier, but also there vas a
tighter range of gas quantity evolved as a function of time,

Another result of the precharge studies indicated that the cells were
receiving inpdequate soaking before being placed on charge. Figures 2.1.2-10
and 2.1.2-B ehow the effect of this inadequate soeking. In both curires, those
cells which soaked for under ten hours showed both increased vgria.bility
and increased precmrge over those with longer soaks. It 18 postulated that
the separator was not sufficiently wetted yielding non-uniform electrode
charge current densities. This results in poor charge acceptance and premature
gaseing on the positive electodes, and uncertain precharge on the negative
electrodes.

As & result of these precharge studies, changes have been incorporeted
into the OAO cell specification, A minimur soaking time of twenty-four hours
is now specified and the precharge 1s being comtrolled to a specific ampere-hour
input based on the results of gas measurement., The charge rate remains at
3.1 amps as before but the temination time is dependent on evolving sufficient
oxygen to achieve the reduired precharge.,

2.1.3 Mamufacturer's Electrical Testing

After the pre-charge is adjusted, the cells und.ergo Gulton's standard

electrical cycling. These tests are shown in Teble 2.1.3. They
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Sequence

ELECTRICAL TESTS PERFORMED AT GULTON

ON QA0 20 A-hr. CELLS¥

Operation

Measure

1

2

£ w

O 0 9 O W

Charge C/10, 2L hours
Automatic (10) ecycles:

- Discharge C/2, 30 min.

- Charge C/5, 90 min.
Overcharge C/10, 24 hours
Discharge C/2 to 1.0 volts
Short 10, 16 hours

Dead short one hour

Charge C/10, 24 hours

Discharge C/2 to 1.0 volts

Short 1M , 16 hours

Dead short one hour

TABLE 2.1.3

Voltage, pressure, pheno ck.

Low pressure during
last cycle

Voltage, pressure, pheno ck.

_Capacity, pressure

Voltage, pressure, pheno ck.

Oapacity, pressure

* Manufacturers standard tests. Room temperature.
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are designed to show that the cells are capable of meeting the specified capucity
at acceptable voltages and pressures and to screen out any cells which may have
internal shorts, and/or leeks.

2.1.4 Ratio Testing
During cell manufacture, some cells are selected for destructive ratio tests

after each of the following steps: formation cycles, drying operation, and com~
pletion of all selection testing.9 Ratio tests determine total negative and posi-
tive electrode capacities, as well as the distribution of excess negative capacity
on charge and discharge.

The first step is the determination of the amount of precharged negative
capacity, After normal discharge to 1.0 volt, cells are flooded with a 34% KOH
solution and drained using a 1 flresistor for 16 hours. They are then discharged
at C/2 rate to =1.0 volt. This discharges that portion of negative capacity set
during precharge, and represents surplus ensuring positive limiting on discharge.
In this way, the precharge is permanently removed.

The cells are then charged at a 2.0 ampere (C/10) rate for a period of not
less than 4O hours, and not more than 64 hours, to 1.51 volts. This assures both
electrodes are fully charged, since no significant recombination can occur with the
cells flooded, In the past it has often been necessary to utilize the full 6k
hours to reach 1.51 volts. The cells are next dlscharged at a 10 ampere rate to
-1.0 volt, Times to +1,0V, +0.5V, 0,0V, -0.5V, and -1.0 volt are recorded. Cal-
culations may now be made of: total positive capacity, total negative capacity,
excess discharged negative capacity, and excess charged negative capacity. These
figures may then be used to compute precharge and negative to positive capacity
ratios. DPositive electrode capacity is defined as the discharge to +0.5 volts,
and negative electrode capacity as the discharge to -1.0V. A reference electrode
is used to determine which electrode is the limiting factor during any rapid change
of cell voltage.

Earlier OAO specificetions required minimm negative to positive capacity
ratio to be 1,30 to 1,00, Recently this was increased to a minimm of 1.40:1.00
to assure large enough reserve to correct for negative electrode inefficilencies
(fading) during prolonged cycling.

Tables 2.l.4-1 through 2.1.4-3 shov ratio test results for the various battery
builds. Positive plate capacity appears to decrease steadily by about ten percent
from post-formation to final cell., Negative plate capacity, however, shows a much
smaller decrease -- approximately five percent -- from post-formation to final cell
but shows an increase in the post-neutralization (drying operation) ratio. Thus,
although ratios appeared low following formation, final ratios (finished cells)
showed higher results and met specifiedurequirements.
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Apparent chenges of electrode capacities through each processing step
are seen more clearly in Tables 2,1.4-4 and 2,1.4-5, The SAFT figures are
projected plate capacity based on results taken on a sample 1 am® plate.
This 1s taken as a baseline value, The percentage shange from baseline
occurring in each operation is shown in parentheses. It can be readily
seen that the final cell ratios are significantly higher than those from
the formation step. These tables allow one to predict e_ither final cell
retio or electrode capaclities at intermediate steps in processing, based
on initial SAFT sample capacity results for identieal plate lots.

Table 2.1.4-6 shows the measured precharged hegative dis'_tributions an the
subject battery builds. Altim@ the amount of data for early builds is
slight, that from two later builds indicate the majority of cells have low
messureble precharges of less Sban one aﬁr}ere-hour. 12

Table 2,1.4-7 is a summary of the ratios obtained for the various
battery assemblies, Battery S/N 34, 35 bad the highest values because
positive plates contained much less active material than previous builds
(see Table 1.2.2-1 and 1.2,2-2), The range of B/N 3L, 35 ratios is marrowed,
due to effectes of plate weight screening.

2.1.5 Cell Selection

All cells selected for flight batterles must come from an identical
plate and separator lot and be oonstructed within a shart time interval,
Then, in addition to the standard seller's (Gulton) electrical tests,
Grumman requires the cells to undergo a seﬁes of tests for thorough
characterization of each cell's performance for selection purposes. The
flight batteries require matching of cells with nearly identical electrical
characteristics.

Table 2.1.5 lists the tests regquired during cell sedection. The regime
consists of electrical tests designed to match cells with similar capacity,
cycling performance and volta.ge/preesum response during overcharge. A
low temperature (4.4°C/LOOF) overcharge is also performed to screen out
potential negative-limiting cells. The cells are grouped based on the
results of the third capacity cycle. A histogram of the capacity distribution
is drawn and cells are chosen forAeach battery such that the total ampere-
hour spread in any single battery does not exceed one (1) ampere-hour.
Traditionally the cells within the low third of the total capacity distribution
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Table 2,1.4-6

Distribution of Measured Precharge on

Various Battery Assemblies During Final

Cell Ratio Tests

Range in Ampere-Hours| S/N 254, 26A S/N 30, 31 S/N 32, 33 S/N 34, 35
0.00 - 0.40 2 20 9
0.41 - 0.80 L
0.81 - 1.20 1
1.21 - 1.60 2 2
1.61 - 2.00 2 2
2.01 - 2.k0 1 1
2.4 - 2.80 1
2.81 - 3.20 1
3.21 - 3.60 1 1
3.61 - L.00 1 1
L.o1 - h.ko 1
L.b1 - 4.80
4,81 - 5.20 1
5.21 - 5.60 1
5.61 - 6.00
6.01 - 6.40 1

FTotal Number of 2 S 30 19
Precharge Samples
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Post Rinse Ratios

S/N 25A, 26A 30, 31 32, 33 3k, 35 36, 37

Meximum 1.591 1.367 1.631

Minimum 1.hb5 1.351 1.49]
! Mean 1.503 1.360 1.568
Range 0.1L46 0.016 0.140
' # Samples 6 5 10
' Post-Formation Retios
S/N 254, 26A 30, 31 32, 33 34, 35 36, 37
" Maximum 1.397 1.500

Minimum 1.239 1.%07

Mean 1.307 1.453

Range 0.158 0.093

# Samples 19 16

Final Cell Ratios

! S/N 25A, 26A 30, 31 32, 33 34, 35 36, 37
! Maximum 1.39 1.279 1.476 1.559

Minimum l.22 1.07h 1.287 1.41%

Mean - 1.160 1.381 1.503

Range - 0.205 0.189 0.1L5

# Samples - Y 30 19

Summary of Ratios Obtained for

Various ‘Battery Assemblies

Table 2.1.4-7
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TABLE 2.1.5

Tests Required by Grumman During

Test Name

o 0o o 00O

Capacity Cycle #2
Capacity Cycle #3

Drain

Dead Short

15% Depth Cycling
- Precharge

Capacity Cycle #1}

- Cycle #2
- Cycle #3

Overcharge

- Cycle #1 }

- Room Temperature

- 4o°F
- 90°F

Final Discharge
Drain
Retention of Charge

Final Drain & Short

Cell Selection Testing

C/2 charge to 1.5 volts; C/4 charge to 1.5 volts,
¢/10 charge for 1 hour or 1.5 wlts, C/2 dis-
charge to 1.00 volts each cell.

short each cell with 12 for 10 hours
dead short each cell for one (1) hour

C/2 charge to 1.5 volts or 37.0 volts for the
series string. C/4 charge to 1.5 volts or 37.0
volts for the series string. C/10 charge for 1
hour or 1.5 volts/cell,

36 minute (15%) discharge at appropriate rate.
C/2 charge to 1.50 volts; 1.6A for remainder of
65 minute charge

At end of 65 minutes of cycle #3 of the 15% depth cyc-
ling continue overcharging at 1.64 for four hours.

Stabilize chamber at LOPF *3°F while charging cells
at 0.5 amperes. -

Charge cells at 1.0 emps for four (4) additional
hours after temperature stabilization.

Stabilize chamber at 90°F X3°F while continuing

1.0 empere charge

Tnecrease rate to 2.3 amperes after temperature stab-
11ization and continue charge for four (&) hours,

Discharge C/2 to 1.0 volts/cell
Short each cell 102 for 16 :(1) hours

Restrain cells to forces similar to those experienced
in battery assembly

Remove 1 resistor and allow cells to remmsin open-
circuited for 24 *} hour

Immediately upon completion of 24 hour stand take open-
circuit voltage :

Voltage must be 1,15 volts or higher to be -

acceptable

Drain each cell witha 10 resistor and then

"dead short each cell individually
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are designated as battery 1, the middle third as battery 2 and the cells in the
upper capacity distribution one-third are selected as battery 3. Ensuring that
the total capacity spread in any single Pattery is within one ampere-hour reduces
the chance of cell reversals during capacity run-down conditions and assures that
all the cells will reach & full state-of-charge at approximately the same time.
The third-electrode cell in each battery i1s chosen from this same capacity distri-
bution. Third electrode cells are usually chosen to be the lowest capacity cell
in each battery. This allows these cells to begin overcharge slightly before

the rest of the cells in the battery, avoiding excessive overcharge in the battery
as a whole. The cell specification also imposes a provision that the three
batteries in the assembly must be within +1.0 ampere-hours of each other on the
average.

2.2 MULTIPLE REGRESSION ANALYSIS

Knowledge of which processes and components have the greatest effect(s) on
reliability (life) and performance is necessary ‘to meet today's high standards
L J

for complex products for aerospace. While the sealed Ni-Cd cells used in QAC
are produced under, perhaps, the tightest quality control in the industry,
finished cells prior to the study and selection efforts reported herein displayed
sufficient parametric variations to necessitate some compromises in specification
limits. TFor such cells, key factors include the electrodes, separators, electro-
lyte and process time/temperature.

Another technique, useful to support and verify the type of result already
obtained, for relating these factors to performance and reliability veriables is
that of multiple regression analysis, done on a computer. Such analysis has been
successfully used on the Lunar Module (IM) program to predict primary (silver-zinc)
battery capacity from manufacturing data, and in a NASA/GSFC sponsored study of
the effects of various electrode process variables for nickel cadmium.

Normally regression analyses are based on data in which the parameters
thought to have effects are deliberately varied over relatively wide ranges.

The effects are called "response variables" or, simply, "variables". The
analyses covered herein, however, were limited to data derived from routine
manufacturing, and so are narrower in range than ideally desirable. Further,
some parametric information was not available (e.g.: plate thickness, post-
formation drying times and temperé.tures ’ etc.) Some parameters were constant
for all cells (e.g.: separator, electrode and KOH analyses), and could mot



be used. The manufacturing parameters available are only those found subsequent
to assembly into cell stacks -- i.e.: traceability starts at this point, and
the plates maintain their identity through to the finished cell. It was thus
necessary to rely heavily on electrical data taken at the seller's facllity
during early performa.née tests. The major value of these analyses, then, are in
the tightening of electrical limits , and the ability to identify potentially
poor risk cells without extensive and expensive tests.

2.2.1 Description of Parametric Variables
The perameters studied herein ruy be divided into two classes:
o0 Manufacturing/Processing variables
o Test date variables (early tests)
The former may be considered as independent quantities in that each may be altered

more or léess without regard to any of the others., Test data generally consists
of effects, or response varlables,
The variasbles listed in Tables 2.2.2-2 and 2.2,3-1 as used in the two analyses
conducted for this program falls in the above noted categories as follows:
Manufacturing Processing
Dry Cell Weight
Wet Cell Weight
Cell Pack Weight (Total weight of plates and separafor)
Positive Group Weight
Negative Group Weight
Time -~ activation (filling) to start of precharge
Test Data
Pressure at end of cycle 1 of cell selection
Pressure at end of 90°F overcharge
Voltage at end of cell selection, 40°F overcharge .
Electrical operation: 3rd cycle capacity in A-hr,
Cell selection: 3rd cycle capacity in A-hr,
" Pressure at end of UO°F overcharge
Pressure at end of room temp overcharge
Pressure at end of cycle 3 of cell selection
Pressure at end of cycle 3 of electrical operations
Gas evolved during precharge
Pressures at ends of cycles 1 and 2 of cell selection
Pressures at ends of cycles 1 and 2 of electrical operation
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Each vaeriable listed above was used in the analyses. Gas evolved during
precharge was treated as input data in the voltage divergence analysis, and as
the output (dependent variable) gquantity in the precharge analysis. The purpose
of the anelyses is to demonstrate one or more of the following:

1. The particular way in vhich an "input" (independently treated) quantity

affects the "output" (dependent) quantity

2. The relative weight with which each input quantity affects the output

quantity

3, Whether, in fact, a particular input has any relation to the output.

The results are shown in "Beta" coefficients of each input quantity with
respect to the output. These coefficients are normalized values. The higher
a Beta coefficient in mmerical (absolute) value, the more significant the
_correlation to the output. Positive and negative values only signify the sense
in which the effect occurs (e.g.: output increases with increasing input shows
as & positive value)., Anomalous results (see 2.2.2,1) either means that insuffi-
cient data is avaeilable, or the perticular parameters chosen have little or no
effect on the output. Very small numerical results lead to essentially the same
conclusion. 4
2.2,2 Cell Voltage Divergence Analysis

An attempt was made to correlate divergence among the end-of-overcharge
voltages found in the spare cells of battery S/N 34, 35 to initial electricdl
tests. Table 2,2.2-1 is a summary of these diverged quantities after several
thousand 100-minute cycles; showing a range of 143 mV (Pack 23B Group I) to
29 mv (Pack 35B).

The cycling was done using 15% depth of discharge, and no constraining
voltage limit during charge and overcharge. The latter feature allowed each
cell to reach its matural potential for the rate and time of overcharge, inde=-
pendent of the pack a.nd/or any other cell. Weighted values -- from 1 to 9 --
were assigned to each cell, for the analysis, based on relative end-of-overcharge
voltage, Weightings are described at the bottom of Table 2,2.2-2, which lists
~all the veriables assigned,

Results (details in Appendix A) show relatively low overall correlation
between divergence and the chosen parameters. Following are the five highest
correlation factors (Beta coefficients) listed in descending order:
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Rank Parameter Number Beta |
v2 Wet Cell Weight ~T.5153

1

2 vi - Dry Cell Weight i« 45,8596
3 V13 Room Temp. Overchg. Pres, -2,6627
L V9 Time-Fill to Precharge - +2,15T7
5 V12 40°F Overchg. Pres. +1.9176

2.2.2,1 Discussion of Results

Tt is of interest to note that the cell weights show significantly higher
correlation to divergence than any other perameters. At the same time the two
coefficients involved are 'opposite in sign, and nearly equal in value.

To understand the significance of the above, it must be noted that Wet Cell
Weight consists of Dry Cell Weight plus electrolyte weight. Electrolyte weight
is held very nearly constant by controlling the volume (cm3) of 34% KOH solution
used to fill the cells. The fact that opposite slgns exist indicates opposite
effects on cell divergence. It mekes little sense to conclude that Dry Weight
has one type effc_ect , and Dry Weight plus a constant has the opposite effect.
Some other cause for the opposite signs must be found.

A similar analysis of the other variables used in this regression shows
similar results., Two possibilities exist:

o TNone of the variables chosen has any resl effect on cell divergence

o The amount of divergence is too small to show any really significant

effect from any source.
The smallness of divergence is somewhat overcome by use of weighted values (see
Table 2,2.2-2) since these would tend to exaggerate effects rather than hide them,
The first, then, seems the most reasonable. The regression analysis would also
tend to show no correlation between cell divergence and the data taken in the
early tests. . In other words, use of any early test data 't6 predict later diver-
gence would be nearly lmpossible.
24243 Precharge Analysis

Essentially the seme data as above, plus some additional pressure information
was used to attempt correlation with gas evolved during precharge -~ see Table
2,2.3-1. A summary of the results -~ printed in full in Appendix A -- 1s shown
in Table 2.2.3-2 which lists the five largest corrslations.
2.2.3.1 Discussion of Results

The results show little basic difference in principle from those found for
cell divergence. What differences exist are in degree in that the correlations
here are even less significant than before. '

Perhaps the only variable showing even moderate strength is V9, as expected
(see Section 2.1.2). It has been found that soak times less than 10 hours cause
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not only excess gas evolution, but large variability of actual precharge.
Accordingly, current OAO specifications require soaks of 2k hours minimum prior
to first electrical operation.



Bpere Cells 1rom OAC Battery

S/N 34, 35 on Cycling Tests

TABLE 2,2.2-1
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Pack Cell Overcharge Coded
Number Iocation S/N Volts Valie
151k 1442 5
5184 1.453 T
5 GSFC 1526 1.425 3
5264 1.455 T
1531 1,456 k¢
1542 1.h20 5
Losa 1.hk01 2
6 GSFC 1554 1.k2k 5
L9T7A 1.361 1
1575 1l.h22 5
1494 1.510 N
_ 1517 1.380 1
23B NAD, Crane 1546 1,516 5
Group I 1588 1,520 5
1591 1,523 5
1499 1,518 5
1537 1.396 1
23B NAD, Crane 1587 1,515 5
Group II 1589 1,531 7
1590 1,514 5
1573 1454 5
. 5124 “1.h52 5 .
35B NAD, Crane 1578 1448 5
515A 1474 8
1492 1,445 Y



Variable Number

TARLE 2.2,2-0

Variables in (Voltage-Divergencel Regression

Description

V1
ve
V3
Vi
V5
V6
V7
v8
V9
V10
V1l
viz
V13
V1lk
V15

V16

V17 (depena-
ent VAR)*

Dry cell weight

Wet cell weight

Pressure at end of cycle 1 of cell selection
Pressure at end of 90°F overcharge at Gulton

Cell pack weight

Positive group weight

Negative group weight

Voltage at end of cell selection 4O°F overcharge
Time~activation to start of precharge

Electrical operations: 3rd cycle capacity in A-hr.
Cell selection: 3rd cycle capacity in A-hr,
Pressure at end of 4O°F overcharge at Gulton
Pressure at end of R.T. overcharge at Gulton
Pressure at end of cycle #3 of cell selection
Pressure at end of cycle #3 of electrical operation
Gas evolved during precharge

Voltage duri recent overcharge at test facility
(see Table 2.2.2-1)

* this variable coded as follows:

"1"
"2"

o

"h LU

ften

"6"
"8 "
"9"

nonoonon o nnon

Very low voltage relative to rest of pack

Ilow voltage relative to rest of pack

Nominally low voltage relative to rest of pack
Slightly low voltage relative to rest of pack
Nominal voltage relative to rest of pack )
Slightly high voltage relative to rest of pack
Nominally high voltage relative to rest of pack
High voltage relative to rest of pack

Very high voltage relative to rest of pack



TABLE 2,23-1

Variables in Precharge Gas Evolution Regression

Varlable Number

Description

V1
ve
V3
Vi
V5
V6
VT
v8
V9
V10
Vil
vie
V13
Vi
V15
V16
V17
V18
V19

V20 (dependent

variable)

Dry cell weight

Wet cell weight

End of precharge voltage

90°F overcharge pressure

Cell pack weight

Positive plate group weight

Negative plate group weight

Voltage at end of 4O°F overcharge
Time-filling to start of precharge
Capacity ~ 3rd cycle elec. op. in A-hr.
Capacity - 3rd cycle cell selection in A-hr,
LO°F overcharge pressure

Cycle 1 Pressures at end

Cycle 2 - of each cycle of

Cycle 3 Gulton's electrical operations
Cycle 1 Pressures at end of each
Cycle 2 cycle of cell selection.

Cycle 3

Room temperature overcharge Pressure

Gas (ml) evolved during precharge
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Variables Selected as Having the Largest Correlation With the Amount of

Gas Generated During the Precharge of OAO Battery S/N 34, 35

Rank Description Beta Coefficlent
1 V9 Time-fill to precharge -0.944
2 viz Pressure, end of 4o°F overcharge +0.8L49
3 Vi Pressure, end of 90°F overcharge -0,709
L ve Wet cell weight +0.583
5 VL Dry cell weight +0.416

TABIIE 2o2-3-2
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SECTION 3.0
BATTERY PERFORMANCE EVALUATION

3.1 QAD_BATTFRY MODEL

A computer program has been developed to predict the performance of OAD
batteries during acceptance tests and flight oconditions. This progrem is
written in Fortran IV langusge and has been modified for use on a 360/67
time-shering system. It is capable of predicting {nstanteneous battery voltage
and current at each orbital mirnute, with various charge-mode data inmputted.
Percent capacity returned, watt-minutes input and output and efficiency are
calculated and displayed at the epd of each orbit, The model was based on
154 depth-of-discharge during the orbit. It does not presently update
battery temperature at. each orbit although the amount of heat generated in
the battery is predicted. Minor modification is necessary to eneble utiliz-
ation of predicted heat generation to update temperature. The voltage limit
to which the battery is charged is a function of battery temperature. Since
temperature remains constant in the program, the BVLS curves become single
point values, initially established by inputting the constant temperature,
The operator establishes battery rating (nameplate capacity) and specifies
the mumber of cells in the battery, enabling the progrem to convert from
cell voltege to battery voltage levels.

3.2 LOGICAL OPERATION
The medel basitally oconsists of five discrete sections, all appearing
in subroutine BI'R, These are the discharge model section,.the charge model

section, an overcharge model section an efficiency section and & thermal
section.
3.2.1 The Discharge Model

The discharge model wés developed from a series of pa.nmetﬁc tests vhich
characterized the discharge profile of a Ni-Cd cell as functions of depth-of-
discharge, battery voltage, current and temperature. These tests ylelded
the following type curves:
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The curves were developed for reasonable discharge currents at various
temperatures and preceding charge cycle voltage limits, Shapes were determined
by a least-squares fit of data for various temperatures and depths-of-discharge
(DOD). Hence, the battery voltage can be charecterized as a function of
depth-of-discharge and the voltage limit of the preceding charge cycle.

Fotice that the curves are independent of temperature (nmormmlized over

the temperature range from 4OPF through 90°F), These Vpapr vs. Vinar

curves are assumed linear of the form y = mx + b vhere:

Yy = BIVL = Battery Voltage
m = RFRLD = Slope of Curve



x = BATVL = Battery Voltage Limit
b = RFVLD = Voltage Intercept

The input data set coneists of a set of six such curves, each at a part-
jcular depth-of-discharge. The indicator for the depth-of-discharge is
B »uriable lebelled RFOUT. Thus, the input data set takes the form:

RFOUT,
for values of .
1 (x) 6

Veagr
) : RPOUT (NX)
/L Slope =
RFVID(RX) + —— RFRLD (RX)
Vypar (BATVL)
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The test data was obtained under the condition AMINT = AM10O, or, when
the battery started into the discharge phase at 100% state-of-charge.
In practice this is not always true so an adjustment must be made
relating the input data to the actusl state-of-charge of the cell.

This is done by the function RBOUT where:
AMINT

RBOUT = .O45 [m - 1]" [1 m%m) ]*(w%)

This equation takes the form of y = mx + b where:

y = RBOUT = Adjustment Factor
m = Scale Factor

x = CTHR/60 * BPCAP

b = Offset Factor

Notice that if AMINT = AM10O then both the scale factor (m) and the
offset factor (b) equal zero, When we begin an orbit (if we assume the
initial 5,0,C, = 100%) then:

CTOT = BSOC * AM100 = 1,0 x AMIOO = AM10O

AMINT = CTOT

AMINT = AM100

The value of RBOUT then reduces to:
RBOUI‘:m = O since CTHR = O

The calculated RBOUT is compared to the values of RFOUT that were

entered as input data. The relative position of RBOUT amongst the

RFOUT curves is established by the DO loop (statement #310-3).

When the value of statement #310-1 becomes zero or positive then the

true value of the line is found by interpolation between the RFOUT curves,

This 1s accomplished by statement 320:



- REOUT - RPOUT (NXSOC
(320) RDSOC = FroGT (RXSOC + 1) - FFOUT (IX50C

Having determined the location of the point between two input data

curves & slope and intercept of a line through the point and equidistant

from the input data curves can be determined:
RFVD (Voltage Intercept) = (1 - RDSOC) * RFVLD (NXSOC) +
RDSOC * RFVLD (NXSOC + 1)
RFRD (Slope) = (1 = RDSOC) * RFRLD (NXSOC) + RDSOC * RFRLD (NXSOC + 1)
-~ RFOUT{NXSOC)
" RBOUT

' rrro

- RFOUT(NXSOC + 1)

BATT

BATVL

From this curve, the battery voltage can be determined for a particular
¥y, (Voltage Limit from preceding cycle), The voltage intercept (crx)
is adjusted for the mumber of cells in the battery and modified by the

tolerance of the input data set:

CFK = (1 + ,003 * BIOL) * (BCEL * RFVD + - BATVL * RFRD)
N Y/ \_N_/ S —~
Tolerance Factor Adjustment for voltage from
nuber of series intercept to actual
connected cells in wvoltage limit,
battery

CFCR (Slope) = O since we assume a constant discharge current
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BATT

BATT

- Ty O * Ipgm .
The calculated instantaneous battery voltage and current are therefore:
BIVL = CFK = Voltage

BICR = CNEG = Current

3.2.2 The Charge Model

The input data set for the charge model is developed in a similar
manner to that for the discharge model data set; i.e.: as a function of depth
of discharge and battery voltage limit from the preceding orbit. One
important difference, however, is that whereas the discharge data is
defined for "reasonable current rates”, the charge model data is particular

to two discrete rates, namely, a C/2 and a C/4 charge. In similer

-manner to the discharge section, a set of curves were developed relating

battery voltage to the voltage limit of the preceding orbit, at the

two current rates:

@2*@ .“’ @%T

BATT — RFIN
— _
BATVL BATVL



These curves, again a linear, least-squares interpolation over the
temperature range hOoFé b4 é 90‘?, are each characterized Ly a state-
of-charge indicator RFIN; & slope RFRIC; and a voltage intercept,

RFVIC. They are inputted in this form. for the two charge rates.

The input data set was derived from data on cells which were cycled
to 15% D.0,D. In any particular orbital regime the discharge depth
may exceed or be less than 15% of rated capacity. Therefore &
scale and offset factor adjusts the input date set to comply with

particular usage restraints, - Statement 400 is the offset factor:

AMI00 - AMDL AVDL
(400) FBSDL = .300 * Iogy, [M&x °f< g ¥ BECAT )°"(1°‘9(Am—oo" -9 *'BPCAP-))]

RBIN

where the factor (9 * BPCAP) is the number of ampere-minutes corresponding .
to a 15% D,0.D. relative to the nameplate capacity at 100% S.0.C. Therefore
this equation, in effect, compares the number of ampere-minutes out of

the battery at the end of the discharge (eclipse) period to the

actual (AM100) capacity the cell can contain, and determines whether it
is.less than or greater than a 15% depth-of-discharge (9 * BPCAP).

Tt then adjusts the data accordingly.

The scale factor is given by:

CTHR
= TAM100 - ADL) - .5 (MW - (Minimm of AMIOO or AMINT) )
’ «95

If the cell is not in the overcharge region, the next step is to locate
the position of the instantaneous data point amongst the imput data
curves. This is done by a "do loop". (as 1t was in the discharge model)

and the exact location calculated by:
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RBIN - (RFIN (NXSOC) + RBSDL
(520) RCSOC = = B A
This statement ds.sixply aclinear interpédatioh-between the lines EPIN
{NX900): and REIN. (HXSOC +.23u.
Having defined the locus of the point between two input deta curves,
a slope and intercept of & line through this point and equidistant

from each inmput data line is found by:

RFVL (NCR) = (1 - RCSOC) * RFVLC (NXSOC, NCR) + RCSOC * RFVLC
(MXsoC + 1, NCR)
RFRL (NCR) = (1 - RCSOC) * RFRLC (NXSOC, NCR) + RCSOC * RFRIC

(mcsoc + 1, NCR)
where FRFVL =Voltage Intercept
RFRL = Slope of Line
These factors are detemined for the two values of current (C/2 and C/L)

where NCR = 1 to 2 giving:

c/2

RFVL(1) L

RFVL(2) -

—

T0



Using this curve, two points can be determined for a given voltage limif
(of the preceding orbit), shown here as FFV (1) ang RFV (2) and definea
mathematically as: |

(530-1) RFV (NCR) = BCEL * RFVL (NCR) + BATVL * RFRL (ncR)
Again, the "BCEL" factor adjusts the value of RFV to account for the
;mmber of series-connected cells in the battery while BATVL adjusts

the voltage limit intercept.

Replotting the points on a general V-I curve gives the following

relationship:
V:L L
VeATT
V2 4+ - -

¢/ c/2 I

The slope of this curve can be defined mathematically as:

wm;%——ﬁlﬂvl'mvz (c = EPcAP)

The voltage intercept can be defined by:

CFK = (1 - .003 * BIOL) (RFV(Z‘)'M)

where the factor (1 - .003 * BIOL)
accounts for the tolerance of the

inmput data curves.

At this point the program returns to EPBAT (the main) and the calculation

T



of the instantaneous battery voltage and current proceeds:

BICR = (,50°'°) CPOS  (Current)

Note that since the cell is not in overcharge then:
NXSYS = 2
XSYS = RXSYS -2 =2 -2 =0

BICR = (.50°) CPOS = CPOS

CFK + CTCR (CFCR) (Voltage)

BIVL

BICR

3.2.3 The Overcharge Model

Overcharge, in subroutine BTR, begins at statement label number
~600, with NXSYS now at a value of 3 or greater., At statement mumber 520
(in the "DO" loop or the charge model) the value of NXSOC will become
equal to 5 on overcharge, implying that loterpoiation will begin from
the topmost curve in the input (charge) data set. The two curves defined
with NXSOC =. 5 are obtained identically to the method described for

the charge model:
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BATT

Vl Voltage Limit

Again two points, here labelled A and B, can be defined for any voltage

limit of the preceding orbit.

Another set of curves can be derived as & function of charging temperature,
the data having been derived at two overcharge rates: C/10 and C/40.

The curves assume the form:

VeaTT
for temperature
°r £ V4
LOF £ TBATI' < 9%
c/10
c/ho
T ' Ioglo temperature

For a given T, therefore, two points (voltages) can be derived; VEOCL

and VEOCH, defined by:

@ C/40 rate: VBOCL = BCEL * (8.,060872 - .43429 * 10G (BTEMP))/k.LT1236

@ C/10 rate: VEOCH

BCEL * (7.397980 - .L43429 * 10G (BTEMP))/3.84204T



vhere: BCEL is the factor relating the voltage of s ingle cell to
the number of series-connected cells in this battery
BI'EMP is the battery temperature and

the coefficients are least-squares fits of test data in linear (y =

mx + b) form.

Re-plotting on semi-logarithmic paper glves:

c/10

I0GI

c/uo

T



Tor a given voltage limit, VL, a tangent to the curve can be

constructed, the equation of which is:

rore (i) ")+ (BE L) (esepe

cFk2 = (1. - (.015381 * ,43429 1N (BTRYP) - .023575) * BIOL)

* (aTVL -(ERCH - vaL)) (Current Intercept)
L3629 IN (&)
Combining the two relationships: ev

Veamr

Using the values of CFK2 and CFCR2, the % return can be calculated

as a function of the voltage limit:

PCRTN = (1 + .O13 BTOL) (-923253 + .222928 (ﬁ%ﬁ»’(mmgcizm)

Notice that the factor -_ﬁ___}i : '101;2:”: is & current,

the factor (.923263 + .222928 (20/EPCAP) normalize
" the data to a 20 A,H, cell and
the factor (1 + .013 EIOL) is a tolerance on the imput data

curve.
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Since this data was for continuous overcharge, it can be expressed in

. the following graphical form:

Tmoc 1
Next, an interpolation factor has to be calculated to determine
the locus of the line ‘between the two V-I curves (the one temperature-

based; the other voltege-limit-based). This is eccomplished by the

factor RSO:
RSO - cmT)"‘(RBm-RFm5+ )
ma) (TR e

Notice that if AM100 = 100% and CTOT = 95% S.0.C. then

4 "
CToT .
(m) = (.95) = 6
if AMIOO = 100% and CTOT = 97% S.0.C. then
L L
CroT :
(m) = (.97) = .88

Thus, for a 2% increase in the state-of-charge, the interpolation

factor 1s increased by 28%, resulting in unequal increments for

ampere-minutes returned.

By combining the scaling factors, we can derive the equation of the

current line as a function of charging voltage:

6



b
CFK
New I
Charge
Current
Coefficient

Expressed mathematically:

CFCR (1 - RSO0) (CFCR1) + RSO (CFCR2)

CFK (1 - RSO) (CFK1) + RSO (crk2)

n

At this_point control is passed back to the main program. The new

charging current and voltage is defined by:

(1) BIVL = VREG Taper Charge~ (Mode 1)
BICR = (BIVL - CFK)/CFCR
(2) BICR = (.50°°t°) # CEOS _
. Step Charge (Mode 0)
BIVL = CFK + BICR * CFCR

In (1), the teper charge, the battery voltage is locked at the voltage

limit and & new, reduced, current value is calculated.

In (2), the step charge, the battery current is reduced by 50% each
time the voltage of the battery hits the limiting voltage. The new,

reduced, voltage is then calculated accordingly.

3.2.4. The Bfficiency Model

The discharge efficlency is set at a constant = 1.0

by definition. When on charge or overcharge, efficiency is a function

of temperature, charge rate and state-of-charge.
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From empirical (test) data, a family of curves was generated relating
efficiency to state-of-charge, for various rates and temperatures.

The: curves were reduced mathematically to equation form and ithen voel't'd
clents read in as input data. Temperature ranges of Lo° , 550 , 70° and
90°F were employed and at each temperature, four charge currents were
ﬁbilized; 1, 2, 5 and 10 amps. The input data looks thus, in

graphical form:

erT
BATT

(e.g. 90°F)

'O RATE

AMDL AM100

_ CTOT - AMDL  _
where PNPR = 100, x 00 — BOL - CADD
PNPR determines the relative number of ampere-minutes from the start
of the light period to the end of the light period.

By knowing the battery temperature, a certain family of input data

curves 1s selected by the factor KT,

ITP ITP
KT 1+ 4 % ﬁ)+ h*(m)

and ITP

L}

10, * BTEMP

Thus, if the battery‘tenpemture is less than 55° F, KT will have the
integer value of 1; if f.he tenperature is greater than 55° yet less
than 70°, KT will have the integer value of 5; etc.. An extrapolation
between two temperatﬁre sets of data (values of KT) is then performed

to determine the exact temperature locus relative to the discrete inmput

T8



levels, This factor is éalculated to be:

RTE = __ BIEMP - RPSE (KT o
T e TR for MRP L 10°F

where RFSE is the input data indicator (= Rate x Temperature)

A current extrepolstion is performed next to determine the relative loc-

ation of a given point between the various efficiency curves,

) IBICR %ﬁg& IBICR  IBTCR - 501
KIC = KT + S5 - ER—== Y oo SO

where TBTCR = 100, *(%Kf) (ercr)

This establishes the rédative position of the point between two charge

curves., The exact locus éan be found via extrapolation by:

RCE = 20,/HPCAP) * BICR * RFSE (KT) - RFSE (KTC
; RFSE (KTC + 1) - RFSE (KIC

Now knowing the relative location of the curves relating to temperature
and current, the exact locus of the curve can be found by extrapolation.

This will yleld three points on the efficiency vs. S5.0.C, curve:

EFFC

0, EP(1) ‘ -
= { EP(2), EP(3)
- K

A S
N\

\
n \
\

SRR, 0

Where:
" EP (IEP) = (1. - RTE) * ((1. - RCE) * RFEP (KIC, IEP) + RCE * RFEP
(XIC + 1, TEP)) + RIE* ((1. - RCE) * RFEP (XIC + L, IEP) +

RCE * RFEP (KTC + 5, IEP)
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The equation of the exponentlal fit through these three points

is glven by

()
EFFC = EP (1) * 1.0 -EJI e'Ce ¥ EFR)/ 1.0]

where: EP

a1 = (1.-%&%) * € G )
(2@ -v)/ oo (- -EB)

Limits are now set on the curve; a maximm efficiency value given by

c2

ERMAX - RFEP (XT + 3, 1) and a minimum value given by

EFMIN = ,01 - ,0001 ¥ CADD., Graphically this can be shown as:

T ) Minimum

>

PRER 100% S.0.C.

Thus the efficiency at a given state of charge 1s defined by the locus
of the line EFFC up to point where it 'is thén dePined as
(.01 - .000L * CADD). ’

3.2.5 Thermal Section

The present OAO battery model has shown close eorrela'l;ion with
actual data although it does not incrementally update the battery
temperature at the end of each orbital mi{lute. However, the heat
generation is calculated and updated at each minute interval.

Essentially two thermal models are employed and the aversge of these two
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used for the heat generation rate.

BHGM1 (Model 1) is defined as:

(WMIN - WMOUT ) + (AMINT - AMFIN) (BCEL) (1.48)

BHGM1 TORD

EHGM2 (Model 2) is given as:

o1 WMOUT ) + WDCHG

BHGM2= )

They are then averaged to give

BHGM1 + BHGM2

BHGM = S
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3.2,6 Listing of Variable Names (Label Table)

- A -
AMAX] Function for Determining the Maximmm of Two Variables
AL Ampere Minute Capacity at E.0,D./6.0.L.
AMFIN Ampere Minute Capacity at E.O.L
AMIN1 Function for Determining the Minimun Value of Two Variabdles
AMINT Ampere Minute Capacity at S,0.D,
AM100 Theoretical Capacity in Ampere Minutes
e B -
BATVL Battery Voltage Limit on Charge
BCEL Number of Series-Connected Cells in Battery
BCRTN Capacity Returned at End of Orbit
BH Battery Average Heat Generated in Watts
BHGM1 Heat Generation Model #1 for Battery
BEOM2 Heat Generation Model #2 for Battery
BOC Initial Pattery Steate-of-Charge (x 100%)
BTCR Battery Current Rate
BIrRfPr Battery Temperature
BTOL Tolerance of Input Data Curves (Usumlly tsken as zero)
BIR Subroutine for Caleulation of Instamtansous Battery Parameters
BIVL Battery Voltage Limit on Charge
BVLS Charging Voltage Limit Based on Temperature
- C -
CADD Relative Charge Indication
CAP-RTN Capacity Returned at End of Orbit
CFCR Slope of General V-I Curve
CFK Voltage Intercept of General V-I Curve
CREG Discharge Rate in Amperes
CFOS Charge Rate in Amperes
CTHR Instantaneous Summation of Ampere-Minutes to a Particular Time *
CToT Actual Energy Content in Amp-Minutes (Theoretical x State-of-Charge)
g;' Coefficients of Determined Efficiency Curve
D=
-E -
EDBV Battery Voltage at E,0.D.
EFFC Efficiency Coefficient (x 100%)
EFMAX Line Defining Maximm Theoretical Bfficiency
EPMIN Minimm Realizable Efficiency ’
EOD-VOL Battery Voltage at E,0.D.
BOL-CUR Battery Current at E,0.L.
BOL-EFF Battery Efficiency at E,O.L,
B0L-VOL Battery Voltage at E.O,L
Defines a Foint on the Efficiency Curve
EPBAT Main Progrem
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LIORB

MODE

-H -
I

Battery charge rate normalized from 20 AH NiCd data
Records day of month of user run

Decides to stop program or read in new orbit parameters
Records month of user run

Is zero if regulator 1s off; is one 1f regulator is on

Argunent of BIR; allows program to read in model coefficients

only vhen it is the first minute of discharge, otherwise it
skips the reading section and begins proceasing
Integer count for each minmute of orbit

‘10, x battery temperature

Year of user run
.
- K -

Temperature index to locate bettery temperature relative to
input data set
Index relating charge rate to temperature

-1 -

Becomes positive only when not in eclipse portion of orbit
Total orbit time in mimtes

- M-
Method of charge ocontrol ("O" = step, "1" = tgper)
- N -

Integer velue of orbit number

"0" means no printout at end of orbit

"1" means print paremeters at end of orbit

Fumber of minutes into the eclipse (discharge) region
FTunber of minutes into the light region

Integer value of orbit mumber

Total number of orbits :

Has the value "1" when system 1is on discharge

Has the value "2" vhen system is on charge '

"Has the value "3" or greater when the system is in overcharge

-0 -
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PCRTN

QBAY

TSUN

VEOCH

WDCHG

« P -

Per-cent capacity returned
Relative charge indication

-Q -
"Q" value of battery heat sink
-R -

Capacity returned at end of orbit

Scele factor for charge model curves

Scale and offset factor for discharge model curves

Scale and offset factor for dischmtge model curves

Offeet factor for charge model curves

Relates rate difference between data set and actual battery current
Iocation of instantaneous charge curve between input data curves
location of instantaneous discharge curve between input data curves
Coefficients for efficiency model on input data set

Indicator for input charge model data set

Indicator for imput discharge mode data set

Slope of voltage vs. voltage limit curve for discharge model
Slope of voltage vs, voltege limit curve for charge model

Slope of charge model on input data set

Slope of discherge model on input data set

Rate/Semperature index for imput efficiency model curves

Point on charge curve relating battery voltage to voltage limit
for two charge rates

Voltage intercept on charge model curve i

Voltage intercept on charge model input data set

Voltage intercept on discharge model input data set

Relative location of overcharge curve on I-V plot .

Relative temperature difference between battery and input date

-5 -
S
Dumy veriable, not presently used in program
-U-
-V -
End of charge voltage for C/4O rete at specific temperature
End of charge voltmge for C/10 rate at specific temperature
Maximm allowable voltage on charge
-V -

Sumnation of watt-minutes
Updates vatt-mimrtes on charge



WMOUT

XSYS

Sumation of watt-minutes : v
Summation of watt-minutes out of battery during discharge

eX -
Becomes positive when system is in overcharge
Y -

-7 -
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3.3 PROGRAM MECHANICS

3.3.1 Operating Procedure

The execution begins with rew date being printed out. The program asks
the operator if the data is correct. If the answer is no, the program
returns to the step in which the charge time (NSUNT). etc. are entered.

In s0 doing, incorrect data is erased and the new input parameters

are accepted. The operator selects the number of orbits next and tells
the program to print the dSutput on & minute-by-minute basis by the command
BRITE = 1. If a minute-by-minute output is not desired NRITE is set equal
to zero. NIORB is the number of orbits through which the‘batteriea cycle,
If the operator wishes to print the output onto & disk the program has the
capability to do so. The output is printed onto the disk in 4F10,3 format,
the data consisting of the efficiency, battery state-of-charge, battery
voltage and current at a time interval specified by the next statement.
The output is also printed onto the console (see sample output) at a time
interval specified by the final statement, e.g. - every "I" minutes.

The example given herein was executed for ! orbits with the printed
output appearing at 1 minute intervels., Summaries are given for the first

three orbits consisting of the following:

EODV - the battery voltage at the end of the discharge
EOLV - <the battery voltage at the end of the charge period
EOLF - the efficiency at the end of light

CRTN - % capacity returned

AMINT - A.MIN capacity at start of thé dark period
AMOL - A_MIN capacity at E,0.D./S.0.L.
AMFIN - AMIN capacity at end of the light period

WMO - watt-minutes out this discharge
WMIN watt-minutes in this charge.

Below this output are three numbers representing the thermal coefficients.
The first two are heat generation rates for the orbit; the third is an

average of these two. The fourth (0.0) is a constant, not presently used.
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Upon exccution of the final (U4th) orbit, the data is printed et the gpect -
fied interval, in this case each minute, Reading from left to right, the
output date consists of the following: TIME (orbital minute), REGULATOR
STATUS ("0" = OFF,_ "1" = ON), RBOI, CFK, CFCR, CTHR, WATOT, EFFC, CTOT,
BSOC, BTVL and BTCR, The interpretation of each of these variable names is
listed in the label Table (Section 3.2.6).

The program terminates by asking the operator if he wishes to stop
(progrem execution), loop or start again. By looping, the opera-
tor returns to the statement asking him to specify the number of orbits and
if a print-out is desired. By starting again the operator returns to the
beginning of the program and may read in new battery input parameters
(state-of-charge, BVLS, temperature, etc.).
3.3.2 Sample Output

The OAO battery model was used to predict the performance of the space-
craft A-2 batteries during orbit 14,427. The perameters were inputted into
the model in the following order:

° Date of program execution in month, day, year
- inputted as 012172 (21 January 1972)

° Time in sun {charge time) of 65 minutes
Total orbital time of 101 minutes
Neameplate capacity equal to 20.0 AH
Number of cells in battery (21)
Mode (of charge), in this case "1" which means taper charge
after voltage limit.

° Initial state of charge inputted as 1.0, or, 100%
BVLS = 2
Battery temperature (a constant) of 50.0°F
BTOL, the curve tolerence, usually set at zero
CNEG, the discharge rate, equal to -4.6 amps
CPOS, the charge rate, equal to +4.8 amps.

A copy of the computer output is shown in Appendix F, and Figure 3.h4-1
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3.l PREDICTION CAPABILITY

A comparison of the predicted and actual flight date is given in Figures
3.4-1, 3,42, and 3.4-3, As can be seen the computer model satiafactorily.
predicts the battery charge and discharge response &t each BVLIS level, Pre-
dictions comply best with actual data in the end-of-dark battery voltages,
time in shunt mode and end-of-light battery currents. The largest difference
between actual and predicted data appears in the ahape of the charge voltage
curve during the unregulated portion. In each case the model predicts a
lower voltage than is realized in flight. Some difference also appears in
tie regulated battery voltage parameter, This difference is probably caused
by the inability of the model to relate thaxml gchangee in the battery . -
back to changes in the charging voltage limit. Nevertheless, the model does
predict battery operation, when operating in a power system having known
' characteristics , Quite well despite the thermal inflexibility.
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SECTION 4,0

OAO-2 FLIGHT DATA SUMMARY
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4.1 0AQ-2 FLIGHT PERFORMANCE - FIRST TWO-WEEK SUMMARY

Batteries

Baettery operation has proceeded under the Power Charge Controller (pcu)
BVLS control (levels shown in Figure b,1-1) for the entire mission. Battery
cool-down following separation was &s expected. (see Figure 4.1-2), The
batteries have been in a high state of charge for the entire mission, as
evidenced by the high ad.hydroda voltages at the end of light.

Thus far there have been ghree BVLS levels used:

1.

2.

3.

launch to QT0-5: BVLS 4 - Under this level of control the adhydrodes
were reaching into the 450-500 millivolt renge at end of light.
While this is not dangerous, it was considered to be desirable

to lower the level.

QTO-5 to MAD-146: BVLS 3 - Under this level of control the adhydrodes
were reaching 350 to W25 millivolts at end of light. This was
comfortable but still on the high side. '
MAD-146 to present: BVLIS 3 - This change in BVLS level was made

in order to establish a new battery operational regime., Under thie
operation, the battery temperature has lowered to about 50°F R

from the more or less typical value of 54-55OF above. In addition
end of light adhydrode voltages are now in the 315 to 385 nmv region.

Overall battery performance 1s excellent,

Maj

Specific comments are as follows:

l’

2.

5.

Battery temperature - presently holding steady in low 50's for
past 100 orbits.

End of light adhydrode voltages - conslstently high indicating
overcharge in every light period, except for flip maneuver.
End of light charge currents - holding steady at reasonable
values, no evidence of xising.

End of dark battery voltages - holding steady in the area of 26
to 26.5 volts. (Under-Voltage Regulation-Generator (URG) activates
at 25.2 volts). .
Minttes of shunt charge - spacecraft orientation (beta angle)
dependent to a large degree, but for a given attitude it holds

. steady in 10-20 minute region.

93



Yoo Ny 3aYW
‘05 N39Z.L3:1Q AN3ION3

23290 -

it

2L W e
NAOZ1 NG -

9L



v

|

!

i

T
HEE

ARINEE G
p-
f
i
4
:

TSI
T R A
e T
T THEcE b T

: i

: i
: o)
: i
¥ Sl bl . 1t 5 ‘.
Tt e I i_ m_
: T L ®

4]

N



k.2 30-DAY OAO-2 FLIGHT SUMMARY
Battery performance was excellent with no problems of any sort. Specifically
there was no evidence of the problem observed during the vehicle acceptance thermal

vacuum test. . .
NOTE: . The batteries on board during the test had become negative limited,
causing potential gassing problems, and reducing effective power utilization.
For this reason, they vere deemed umworthy for £1ight, and a new set of bat-
teries was built, tested and flown. '

Battery overcharge characteristics appeared satisfactory. In general, end-of-
charge currents were in the anticipated range, (see Figure L,2-1) , and were high
enough to verify that the battery was not negative limited. (1t should be noted
that, if the batteries were negative limiting, bettery voltage would normally tend
to rise sharply, and hydrogen evolution would ensue. In a voltagerregulated charge,
as used on 0AD, the effect would be that of a relatively sharp reduction in end-of-
charge trickle current due to the batteries' higher back EMF. Hence, the preceding
statement). Iack of telemetry resolution presented & problem ina detailed analy-
sis. i

Battery temperature decree.sed from the launch level of 78 , a8 expected. After
the initial cool-down, the tempemture remained in the range of 50-60 T (see
Figure 4.1-2).

Battery internal impedance was &s anticipated, with voltage decreasing to
26-26.5V by the end of the dark period (see Figure h 2-2). Matching of the bat-
teries was adequate, evidenced by typicael current sharing as follmls° Dark - 33,
34, 35%, shunt charge - 32, 34, 344. Comparisons of flight data points with pre-
£1light predictions of charge and discharge performance are shown in Figure 4,2-3
and 4.2-4, Comparisons are quite good, considering errors and uncertainties in
telemetry interpretation.

Adhydrode performance was consistent, and, as anticipated, the actual opera-
ting range immediately after launch confirmed that batteries were receiving the
high degree of overcharge demonstrated in the thermal vacuum acceptance test.

Battery Recharge and Load Support

The solar array output was entirely adeguate to provide sufficient battery
recharge and support the vehicle load requirements. Since there is no known way
of directly monitoring battery state-of-charge, the inference that the battery
was consistently fully recharged was dravn from the performance of the following
parameters: ‘

a. Adhydrode voltages at the end-of-light

b. Battery charge currents at the end-of-light

¢. Battery discharge voltages at the end-of-dark

d. Battery temperature - )

e. Duration of short charge (battery 92«1:31:3 until regulatér turn-on).
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Stability of the above parameters over many orbits is the
characteristic performance which indicates full battery recharge. Con-
versely, if the batteries were not being fully recharged, the resultant
orbit-to-orbit loss of capacity would be evident from orbital trends showlng
the parameters to be unstable in the following manner*:

a. End-of-light adhydrode voltages, end-of-dark battery voltages, and

battery temperature would gredually decrease;

b.. End-of-light charging currents, and shunt-charge duration would

gradually increase. ‘ :

As can be seen from Figures 4.2-2, 4,2-5 and 4.2-6, the parameters were
very stable (except for the predictable effects of BVL, load, and/or
attitude changes - see discussion below). Over many orbits, there is no
tendency toward the stability trends discussed above., On this basis
it was concluded that the battery was consistently fully recharged. The
correlation among flight data, prediction, and pre-flight tests wlll be
discussed below in this report.

* NOTE: The characteristic relationship of stability of these parameters
with sufficient battery recharge and instability with insufficilent
recharge had been demonstrated and verified in pre-flight sub-
system tests. ' r

Twice during the early orbital life of the spacecraft, the BVL was
deliberately lowered by command. In both cases 1t was done because end-
of-light adhydrode voltages showed that the battery was receiving a
higher degree of overcharge than was necessary. In neither case was there
any immediate danger to battery operation, but it was felt that a reduced
amount of overcharge would be more conduclive to battery longevity.

Prior to launch, the BVL had been pre-set to level 4 (nominal) as the
optimum level for safe battery recharge considering the uncertainly range
in Solar Array performance predictions. Pre-flight battery and subsystem
tests had demonstrated that an end-of-light adhydrode voltage of 300 mV,
if stable from orbit to orbit, was indicative of full recharge, and also
that values well above 300 mV - indicative of a high degree of overcharge -
could be expected if Solar Array performance should be substantially
above the worst-case minimum performance prediction.
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During the first five orbits after launch, 1t was observed that:

a, Overall subsystem performance was good;

b. Solar array performance was within predicted limits and well

above the worst-case minimm prediction;
¢. Ind-of-light adhydrode voltages were conslstently in the mnge of
400-460 mV, verifying the high degree of. overcharge expected from b..

Based on the above observations, and the decision to reduce the amount
of battery overcharge, the BVL was commanded from level 4 to level 3. The
command was executed properly and, as expected, had the following effects
(see Figure 4.2-5):

a. Adhydrode voltages decreased by 20-40 mv,

b, Battery overcharge currents decreased to 0.6-1.0 A.

Vehicle loads vwere gradually increased during the checkout period
and into Coarse Pointing and Experimenting, with resultant increased
battery dep’ch-c;f-discharge and reduced charge current availability. As
expected, the following effects were observed (see Figures 4,2.2, L4,2-5
and k,2-6):

&. Further decrease of end-of-light adhydrode voltages into the

range of 320-430 mV;
b. Slightly higher overcharge currents (st111 stable over many
orbits) in the range of 0.7-1.0 A;
c. Increased shunt-charge duration to the range of 11-16 minutes
(stable, except for the few orbits at 80 B-side with its poor
_ solar array attitude);
d. Decreased end-of-dark battery voltages in the range of 26.0-
26.5V,
In addition (see Figure k,1-2), battery temperature decreased as predicted
during this period to a stable level of approximately 55°F. As shown
in Figures 4.2-2, 4,2-5 and 4.2-6, the flight date corresponded well with
pre-flight predictions.

Observation of end-of-light ad.hydmdé voltages through orbit 1l5
indicated- that the batteries were stlll being overcharged more than was
necéssary, and the BVL was therefore commanded from level 3 to level 2,

As expected, the following effects were observed (see Figures 4.2-5 and
4,2-2):
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a. end-of-light adhydrode voltages decreased into the range of
305-390 mV;
b. overcharge currents decreased into the range of 0.6-0.9 A;
¢. battery temperature decreased to approximately 50°F.
Continued monitoring demonstrated stabllity over many orbits and
verified optimization of subsystem performance.

Comparison with Predictions

Subsystem and component performance correlated very well with pre-
flight predictions and tests, as shown in the figures throughout the
j)revious sections of this report. The flight battery T/V test, which was
the final and most representative pre-flight demonstration of subsystem
performance, has been emphasized in the comperisons of Figures 4,2-5,
4,2-2, and L,2-6, " It must be especially noted that the obvious differences
in performance of adhydrode signals, overcharge currents, and shunt-charge
duration are entirely explicable and anticipated, in that the T/V test
was conducted with simulation of noﬁxinal solar Array performance, while
actual flight performance was above nominal.

4,3 FLIGHT SUMMARY - FIRST 15,000 ORBITS
The battery assemblies aboard the OAO-2 spacecraft (S/N 25A and
26A) have successfully delivered power to the vehicle for over three

years so far, with no indications of major degredation, Battery end-
of-light currents, end-of-dark voltages and charge time in shunt (unreg-
ulated) mode have changed little since orbit #2000. No thermal problems
have been encountered although there has been some indicated rise in
end-of-light battery temperatures recently. Operetion has been largely
confined to low recharges (BVL 2 or 3) to minimize overcharging the
cells and, thus, to lengthen useful life.12

Table 4,3-1 gives the summary statistics for representative orbits
at a 900 beta angle orientation, 65 minute charge time and BVLS 3 for
orbits 2,143 through 15,126, Temperatures varied between 45-55°F,
consistent with acceptance test data. End-of-light charging currents
remained uniform at about 0.7-0.9 amps. End-of-dark voltages ranged between
25,6-26.5 volts, slightly lower than early orbital data indicated. However,
the voltages appear uniform and any differences appear to be correlated to
tempereture which causes the charging voltage limit {BVL) to shift accord-
ingly (see Figure 4.3-1, top and middle curves). The time in unregulated
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(shunt) charge mode held steady at 20-27 minutes, this value being

somehwat higher than early flight data but close to the 'I‘/V test data
(see Figure 4,2-6), Eerly date (orbits O to 3000) showed lower duration

snunt charges of 10-20 minutes, Over 3000 orbits the time to regulator

~ turn-on has deen consistently staying about 20-27 minutes. Eguivalent
data at BVLS 2 are shown in the lower tabulation of Table 4,3-1. Again
the time to regulator turn-on shows a signffiocant increase over early
orbital data. End-of-light charge currents and end-of-dark battery
voltages remained consistent throughout. Table k,3-2 shows & summary
of orbital characteristics for BVLS 2 and 3 at 30 days and after three
years of flight. As oan be seen, the only appreciable change 1s in
the time to regulator turm-on. All other paremeters indicate little
or no battery degredation. '

No data is available on percent return for each orbit. However,
the paremeters studied are indicative of & battery receiving a full
charge with each orbit. Figwres 4.3-2 and 4,3-3 show the mumber of
ampere minutes being put imto the battery during the unregulated (shunt)
charge portion. An average value of 120 A-min., (2 A-hr.) eppears
to be returned at BLVS 2 and slightly lower values for WIS 3.

The plot af Bettery waltage as & funotien of orbital time is given
in Figures 4.3-4 and 4,3-5. The curves show good consistency between
early and recent orbits except for differences in shunt charge time, -
The uniformity in battery charging response 1s seen clearly in Teble .
4,3-3 where the average battery voltage during the first fifteen minutes

_on charge is given for orbits 2,143 through 15,126,
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SECTION 5.0

SPECIAL CELL TESTS
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5.1 SUMMARY OF TEST REGIME FOR PACX 23B

o .No. of series connected cells in pack: 10

o. Cells from OAO battery S/N 34, 35 spare lot
Cell serial nos.: .
@ e @ % g % o B @ oo
1kgh 1517 1546 1588 1591 1k99 1537 1587 1589 - 1590

o On test at: )
NAD, Crane ® Goddard Space Flight Center O

Depth of discharge: 15%

Temperature: 10%¢

Cycle Period: 90 minutes

Charge Rate: 8 amp

Discharge Rate: 6 amp

Date Test Began: 1/26/71 )

Type of Charge Control: BVLS 4 with periodic switches to BVLS 8 and BVLIS 1
for 100 cycle periods.

0O 0 0 0 © 0 ©

. TEST DETAILS -

o This pack received a controlled precharge (3.5 A-hr.) based on gas measuring
techniques,

o Periodic capacity discharges on two cells at a time are made every B8 dmys.

o Cell S/N 149k failed at 7800 cycles.

16



PACK 23B

S5.1,1 Pack Description and Test Regime

Pack 23B consists of two S5-cell groups of series-connected cells from OAOQ
battery S/N 34, 35 assembly. These cells received a modified Gulton precharge
adjustment wherein the gas generated during the precharge operation was collected
and recorded. The cells from group A were charged with their vent valves
closed, being opened to evacuate the accumulated oxygen only when e pre-determined
pressure had built up in the cells, The group B cells were charged with their
valves opened and the gas which evolved was collected into the gas-measuring
apparatus described in Figire 2,1.2.2. Both groups had the precharge terminated
wvhen each cell received an equivalent 3.5 A-hr, of precharge. Following the pre-
charge and routine electrical characterization cycles at the seller facility, the
cells were sent to NAD, Crane for additional testing in January 1971,

Upon arrival at Grane the cells first received a ¢/20, 48-hour conditioning
cycle (see Figure 5.1.1-1), From 1/26/T1 to 2/4/T1 they underwent various tests
including capecity checks, low temperature overcharges (0°C) and open-circuit
recovery tests, On 2/4/TL the pack was placed on 10°C life cycling, the 100-
minute cycle consisting of an 8.0 amp charge to 1.457 volts/cell (BVLS 4) followed
by a 6.0 amp, 15% depth discharge. Every twelve-hundred cycles a capacity
check is performed on two cells. Prior to the capacity check the pack receives
a significant overcharge by charging to a higher voltage limit (1.505 volts/cell
or BVLS 8) for 100 cycles, followed by a reduced charge to 1.420 volts/cell
(BVIS 1) for an additional hundred cycles. Finally the pack is returned to
BVLS 4 for another hundred cycles after which the capacity check is run.

Since only two cells at a time receive a capacity check (to +0.5 volts),
the remaining cells in the pack will contimue to accumulate additionsl cycles,
uninterrupted by a low discharge, It has been demonstrated (see "Summary of
Test Results on Spare Nickel-Cadmium Cells from OAO-2 Flight Batteries," in
Appendix E) that cells which eccumilate large numbers of uninterrupted cycles
without a low discharge (below 1.00 volts) show a "double-plateau" voltage
profile on discharge. Tie higher, stable plateau occurs in the vicinity of 1.18-
1.19 volts while & second, lower, plateau occurs at an average level of approxi-
mately 1.05 volts. By staggering the capacity checks on pack 23B by two cells
every 1200 cycles, a family of curves is generated showing the discharge voltage
pmt:lle at 1200 cycle intervals, Thus the rate at which the double-plateau
inflection point moves along the x-axis can be defined as a function of cycle
life. As of completion of this report, four cells have received capacity checks,
Cells Cl and C2 received a check after 3,900 ecycles and cells C5 and C6 received

nr7



a capacity check after 5,600 cycles. Cells CT and C8 also received capacity checks

" at around 5,600 cycles during a special test on these two cells in February, 1972.
‘Full details of this test are given herein,

5.1.2 Test Results

A summary of the test events for pack 23B is shown in Table 5,1.2-1l. Initial

capacity to +0.5 volts is given in Table 5.1.2-2. During the first two taper chargeé*
on 1/30/71, high pressures developed during the 5 emp charge and the taper charges had
to be terminated prematurely (see Figure 5.1.2=1). The cells hit a maximum voltage _
about 20 minutes into the C/4 charge. Cell voltage thereafter steadily decreased, show
ing overcharge, and charge was terminated due to the high pressure after about 1 hour,
10 minutes at C/4. After each taper charge the pack was discharged at C/2 until the
first cell reached +0,500 volts. In each case the pressures dropped to zero or a
vacuum resulted. On the third taper charge, cells C9 and ClO reached the limiting volt
age after 18 minutes at C/4. The rate was then changed to 1.6 amps for five hours and
the end-of-charge pressures ranged from +19 to +36 psig. The pack was overcharged at
0°c on 2/2/71; a profile of the charge voltage is shown in Figures 5.1.2-2 and
5.1.2-3. Pressures at the end of the overcharge ranged from a low of +22 psig for
cell C5 to a high of +38 psig for cells C7 and C8. The maximum voltage reached was
1,559 volts on cell C9 after 45 minutes on charge. At that time the voltage spread
was about 10 millivolts. Following another capacity discherge, the pack received two
lOOC taper charges during which no abnormal voltages or pressures developed.

The pack began active cycling at 10°C to BVLS 4 (woltage limit = 1.457 V/cell)
on 2/L/71. Percent recharge throughout the first thousand cycles was about 108%. When
the voltage limit was lowered to BVLS 1 (1.420 V/cell) the percent recharge fell to
about 102%; when raised to BVIS 8 (1.505 V/cell) the recharge increased to 130-140%
(see Figure 5.1.2-4). End-of-charge voltages were very uniform amongst the ten cells;
the average divergence was less than 25 mV (see Figure 5.1.2-5).

After 1,509 cycles the entire pack was given a capacity check (6 amp rate until
first cell reached +0,500 volts). Cell CB was the low capacity cell, delivering 22.1
A-hrs. This represents a slight decrease from its initial capacity of 23,8-2L4.3 A-hr,
A plot of its discharge curve is shown in Figure 5.l.2-6. No double plateau is evident
from this curve.

After approximately 2700 cycles cell C2 began to show & decrease in end-of-
charge voltage. Table 5.1.2-3 shows typical end-of-charge voltages for the BVLS L
cycling between cycles 2,289 and 5,600, Cell C2 (S/N 1517) remained, on the

* Taper charge is defined as. follows: C/2 (10 Amp.) until first cell
reaches 1.496V; then C/4 (5 Amp) until first cell reaches 1,496V; then
1.6 Amp for 4 hours. '



_ _, ?nmuaoﬁ uﬂadtdzo uz:._
E.?z.gc*.fﬂxnmmom 83

gnuunn_

9

I T

P
_ .,.m.wv#ﬂ_ﬂqwdﬂ@‘—u T
N ~ ~ . i .
- :..\.ml:..,:...—i.. U ez

YQ;B NI m.jw
tONuO.ﬁ)IN

— !lHNb»lr

wlz-: FHvD QN 1Y

-4

Moy By ONW
: : _Z,e_thbU v

iﬂz( ogﬂ;. 3«!4 )

INLI0A
WRWINYW

Ovv'l-

- logwl

19



Date

1/26/ML
1/26 to
2/4/71

2/4/1

2/10/11
2/17/n
2/23/n

5/10/T1

10/4/T1

10/24/T1

2/1/72
2/23/72

PACK 23B log

Event
Cells received at NAD, Crane
Initiasl chaerecterization tests

Start cyeling @ BVLS 4

Change from BVLS L4 to BVLS 8 NOTE: This type of ewitching
from BVLS 4 to BVLIS 8 to’

Change from BVIS 8 to BVIS 1 " BVIS 1 was performed

Change from BVLS 1 to BVLS 4 . every 100 cycles although

it is not shown.
Capacity check - entire pack

o Discharge entire pack until first cell reaches 0.5 volts
o Taper charge entire pack
© Resume cycling @ BVLS &

Capacity check - Cl and C2 only

o Discharge Cl and C2 each to 0.5 wolt
0 Taper charge Cl and C2
o Resume cycling @ BVLS &

Overcharge test (0°C) - entire pack

o Discharge 6 amp for 5 min.
o Charge 1.0 amp for 5 hours @ 0°C
o Resume cycling @ BVLS L

Special test on CT and CB (See Table 5.1.2-5)
Capacity check - C5 and C6 only

o .Discharge C5 and C6 each:to 0.5 volt
o Taper charge C5 and C6
0 Resume cycling

TABLE 5.l1.2-1
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average, about 70 mV lower than the other nine cells in the pack for about
1000 cycles. By cycle 3,710 cell CT (S/N 1537) hed also fallen in end-of-discharge
voltage to spproximately 60 mV lower than the rest of the pack. Cycling con-
tinued and these two cells, C2 and C7, remained coﬁsistently lower than the
remainder of the pack.

During cycle 3,900 cells Cl and C2 were given a capacity discharge to +0.500
volts while the remainder of the pack continued on cycling. Figure 5.1.2-7
shows the voltage profile of the cells on discharge. Althmigh both Cl and C2
had accumulated an equal number of cycles (3,900) without & low dlscharge
(to +0.500 volts), it is apparent that C2 has a lower second voltage plateau
than Cl, and 1t reaches this plateau sooner in the discharge. A comparlson
of the émpere-hours returned during this discharge with that returned during
an earlier c¢ycle (#1,509) is shown in Table 5.1.2-k4,

. ] Ampere-Hour
Cycle# Cell No. Capacity to +1.0 Volts Capacity to +0.5 Volts
Cycle 1,509 Cl S 22,1
c2 22,0
Cycle 3,900 C1 19,0
c2 16.5 18.3
TABLE 5,1,.2-k

It was decided that a low temperature overcharge be given the entire pack to
determine how C2 and CT7 would behave if they were charged without being tied
to a voltage limit. The overcharge was performed on 10/24/T71 at approximately
cycle #4,000, Figures 5.1.2-9 and 5.1.2-10_show the voltage profile during
the test. As can be seen, both C2 and C7 failed to come up in voltage with the
other cells in the groups., Likewlse their pressures barely increased dui'ing the
S5-hour overcharge. Cell C2 incressed from -6" at start-of-overcharge to -4"
upon completion of the five hours, while C7 changed from -5" to -k", The
other cells in the peck started into the overcharge with slightly positive
pressures (+6 psig to +11 psig) and ended with pressures renging from +22

psig to +31 psig. The positive electrodes in C2 and CT were either not gassing
or else the negative electrodes were recombining the 6xy3en as fast as it was
evolving. Following the overcharge the pack was again .placed on 10°C cycling.
Figures 5.1.2-11 and 5.1.2-12 show & typical charge cycle approximately 200
cycles after the overcharge test, The pecui:lar behavior of C2 and CT is still
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apparent.
A special test was performed in February, 1972, on two cells which exhibited

a large voltage difference at the end of each charge cycle. Just prior to the
test these cells (CT7 and CB) had acquired a total of approximately 5600 cycles
without a deep discharge and the total pack was receiving & recharge of 135.6%.
The voltages at this time were as follows:

AP CL Ce C3 Ch C5 [ C7 (03] C9 T10
E.0.C.V. 1.400 1,508 1,508 1,488 1,508 1,388 1.362 1,496 1,499 1.476
E.0.D.V. 1.196 1.249 1,200 1,214 1,218 1.200 1,120 1,208 1,212 1.208

Cells CT &/N 1537) and C8 (S/NI587°) vere selected for the special tests
based on their end-of-charge voltage difference (134 mV). The test regime
shown in Table 5.1.2-5, was conducted with the intent to perfomm e chemical/
physical analysis afterwards to see if the voltage divergence had any physical
manifestations in the cells, It was found, however, that both cells appeared
"normal" upon completion of the electrical tests. The chemical/physical analyses,
therefore, were not performed on these two cells as had been planned. The
initial discharge of CT and C8 after they had been removed from pack 23B is
shown in Figure 5.1.2-13. Eoth cells to this point had receilved 5,600 cycles
without receiving a deep discharge yet, as in the case of Cl and C2, thelr
voltege profiles are not the same. Cell C8 has two definite plateaus; the higher
at around 1.18 volts (the OAO spacecraft URG level) and the lower around 1.05-
1.07 volts. Cell C7, on the other hand, shows only & single, lower, plateau
and falls below +1.00 volts much sooner than CB. The ‘capacity to +1.00 volts
and +0.5 volts shows a marked reduction from the original capacity measured
for cell CT while CB shows little difference.

Anmpere-Hour
Cycle # Cell No. Capacity to +1.0 Volts Capacity to +0.5 Volts
Cycle 1,509 CT 22.2
c8 21.0 ) 22,1
Cycle 5,600 cT 17.0 17.7
c8 22,0 23.5
TABLE 5.1,2-6

Although, as Table 5.1.2-6 indicates, cell C8 shows an increase of only about one
ampere hour of cepacity, & comparison of Figures 5.1.,2-6 and 5.1.2-13 shows that
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TABLE S.1.2-!

Upecial Test on Cells C7 & C8 of

Pick 23B During lebrunry 1972

TABLE O) EVENTL

Step Number . Step Description
1. Run pack 23B on tally prior to removing CT and CB.
2. Remove C7 and C8 from pack. Place pack back on

life cycling.

3. Run 10 life-cycles on C7 and C8 as a pack using
t?e OAO test regime with a voltage limit of 1.%03
v/ec.

L, Discharge each cell @ 6.0 amps to +0,5 volts.

5. Taper charge eaéh cell.

6. {(a) () (c) () Overcharge test @ 0°C followed by leak test and gas

e sample,

T. Discharge at C/2 rate to +0.5 volts per'cell.

8. Taper charge each celi.

9. Run 10 life-cycles.
10. Discharge @ C/2 rate to +0.5V per cell, Placelel

resistors across cells for 16 hours. Remove resistor
and read OCV for 24 hours.

11. Charge each cell for 48 hours @ C/20 rate.
12, © Perform ieak test at end of 48 hour charge
13. _ Discharge @ C/2 rate to +0.5V each cell,
1k, Taper charge each cell,

15. Run 10 life cycles.

6. - ' Discharge @ C/2 rate to +0.5V per cell.

Place 10 resistors across cell when discharge
is complete.  End of test.
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the discharge profile of C8 has changed significantly. Upon closer inspection we
see that the average wattage is lower for cycle 5,600 from about ninety minutes
until completion of the cycle. Table 5.1.2-7 shows the watt-minute accumulation
to +1.0 volts for C8 at 1,509 cycles and 5,600 cycles.

Cycle 1,509 Cycle 5,600
Avg. Avg. Accumulated. Avg. Avg. Accumulated
Time Interval T Volt. Watt. Watt-Min. Voit., Watt Watt-Min

0-10 min. 10 1.32 7.92 C719.2 1.29 7.T4 T7.4
10-30 min. 20 1,25 7.50 229,2 1.23 7.38 225.0
30-60 min. 30  1.20 7.20 Lhs,2 1.19 T.14 L39,2
60-100 min, 4o  1.19 T.14 730.8 1.18 7.08 T22.k
100-150 min. 50 1,18 7.08 1084 .0 1.13 6.78 1061.L
150-180 min. 30  1.15 6.90 1291.8 1.07 6.42 1254,0
180-200 min. 20 1.10 6.60 1423.8 1.05 6.30 1380.0
200-210 min. 10 1.03 6.18 1485.6 1.04 6.24 1kko, L
210-220 min. 10  -= - -- 1,02 6,12 1503.6
TOTAL WATT-MINUTES TO 1,485.6 1,503.6
+1.0 V

TABLE 5.l.2-7

We see from Table 5¢1.2-7 that the total watt-minutes delivered from C8 i: nearly
the same in both cases although the average voltage delivered by CB is lower during
the later cycle.

C8 thus appears to perform in a manner typical of the OAO flight and test
cells generally. C7, on the other hand, (and C2 as heretofore noted) seems to have
experienced an exceptionally accelerated degradation of some kind. Not only was ‘
discharge voltage significantly lower, but ampere~-hour capacity was also severely
reduced (see Figure 5.1.2-13). At the same time, the prior o°c overcharge test
data showed both a much lower voltage for CT than the rest of the group, and a
rising characteristic rather than a falling one (see Figure 5.1.2-10). These two
sets of.observations lead to the questions of how well C7 was accepting and storing
charge, and what the possible causes may be. Since a few cells in this lot exhib-
ited similar characteristics, answers to these questions are important. Accordingly,
investigations are ongoing at this time,

138



Following the discharge, the two cells were recharged via a taper charge.
Ac Figurc 5.1.2-14 shows, both cells reached the limiting voltage (1.496 volt:)
after approximitely 130 minutes on the 10 amp rate, This comparcs tavornbly with
the taper charge @ 1,509 cycles when CT and C8 hit the limiting vulinge at mvund
128 minutes on the 10 amp rate. Notice, however, that the cnd-of-charpe wvoltage
of C8 is 27 mV lower than C7. In the overcharge test which followed, cell C7
became the higher voltage cell of the two (see Figure 5.1.2-15). This is contrary
to what would be expected since earlier tests had shown that the cells which ex-
hibited low end-of-charge voltages on cycling also showed low voltages during
overcharges. When the cells were discharged (Figure 5.1.2-16) the profile does
not show a docuble-plateau as it had earlier. Ampere hour capacity to +1.0 volts
on CT and CB was 22,8 A«hr,-and 21.0 A-hr, respectively, and to +0.5 volts was
23.6 A-hr., and 21.8 A-hr. respectively. All indications were that the low volt-
age cell had been "conditioned" and no longer displayed the low end-of-charge
voltages or lower discharge plateau voltage that it had previously shown. The
conditioning was probably due to the low discharge (to +0.5 volts) incurred during
step No. 4. The ability of deep discharges to eradicate the double plateau effect
has been demonstrated elsewhere (see Appendix E) although it was not previously
known if a deep discharge ﬁould bring a low voltage cell on charge up to a nominal
end-of-charge voltage. Subsequent discharges (Figures 5.1.2-17 through 5.1.2-20)
show that the capacity of the two cells remained fairly uniform throughout the
remainder of the tests.

On 2/23/72, another 88 day capacity check was performed on two cells from
pack 23B. The cells selected for this capacity check were C5 (3/N 1591) and C6
(s/N 1499), Table 5.1.2-8 shows the end-of-charge voltages before and after the
capacity check as well as the percent recharge, It is apparent that the capacity
discharge improved the voltege of C6 and brought it from 30-40 mV lower than C5
to less than 20 mV lower than C5. Cells C7 and C8 are displaying voltages approx-
imately 30 mV higher than other cells in the pack. Apparently the series of charges
and discharges encountered during the special test of February 1972, conditioned
these cells so well that they now respond better than the other pack cells, Cells
Cl and C2 are lower by 60-TO mV than the pack average. Cell C2 has remained low
since approximately cycle 2,&00 or so, while Cl has exhibited a divergence only
after about 5000 cyecles, Figure 5.1.2-21 shows the capacity discharge of C5 and
C6 at 6,000 cycles., As Table 5.1.2-9 indicates there is no appreciable capacity
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change in C5 from 1,509 to 5,600 cycles. However, C5 shows a decrease of 6 A-hr.
in the later cycles., This is verified from Figure 5.1.2-21. We can sec, turther-
more, thn{; although C5 delivered the seme capacity to +1,0 volte, it does so
a lower woltoge. Therefore, 1t shows a net decreasc in wati-hours returncd vver

the earlier cycles.

Cycle 1,509 Cycle 6,000
Ampere-Hour Ampere-Hour
Cell No. Cap. to +1.0V Cap. to +0.5V Cap, to +1.0V Cap. to +0.5V
Cc5 22,1 - 20.8 23.3
cé 22.1 -- 16.2 _ 18.7

TABLE 5.1.2-9

Followiné the capacity check of C5 and C6, cells CT and C8 were reunited
into the pack. All four cells received a taper charge first before being placed
into the pack. Cycling was continued on BVLS L until 3/2/72, when the vol%age
1limit was lowered to BVLS 1.
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5.2 SUMMARY OF TEST REGIME FOR PACK 5

No. of series'connected cells in peck: 5
Cells from OAO battery S/N 3k, 35 spare lot
Cell serial nos.:
@ e ¢ ¢ L5 % oI B & gl
1514 5184 1526 526A 1531 - - - - -
On test at: )
a0, creane ) . * Goddard Space Flight Center (%)

Depth of discharge: 15%
Temperature: 12-13°C

Cycle Period: 100 min,

Charge Rate: 8A

Discharge Rate: SA

Date Test Began: T/T1

Type of Charge Control: BVLS L

TEST DETAILS ~

o

This pack underwent approxiﬁately 1200 cycles of cell verification testing
under BVLS control before beginning these life cycling tests.
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PACKE 5

5,2,1 Pack Description and Test Results

Pack 5 consists of five, series-connected cells from the spare lot of QAO
battery G/N 34, 35, The pack underwent 1200 cycles during cell verification
testing before being placed on life cyeli;zg at Goddard Space Flight Center in
July of 1971. The cycling regime consists of & 6 amp, 15% depth discharge and
an 8 amp, charge to BVLS 4, at 13°C.

Table 5.2.1-1 lists the events that the pack has experienced to date, In-
itial end-of-charge voltage divergence was low, about five millivolts. Percent
recharge stabilized to approximately 122% in the first 120 days and remained
at that level until day 250. At this time (eycle 1608) an overcharge test at
0°¢C was performed. Following this overcharge the pack showed & dramatic increease
in end-of-charge voltage divergence, paralleled with & rise in end-of-charge
pressure and percent recharge (see Figure 5.2,1-1), This rise in voltage
divergence is shown in Figure 5.2.1-2. A capacity check ’perfomed at cycle 2,408
temporarily reduced this divergence but the end-of-charge voltage spread
quickly returned to 1ts pre-discharge conditions,

In an attempt to check the steady rise in voltege divergence, pressure and
percent return, it was de'cided to lower the voltage charge level from BVLIS 4 to
BVLS 3, This was performed at cycle 2,785 and, after a few hundred cycles, the
pack showed favorable performance changes. By cycle 3000 the end-of-charge
voltage spread among the cells had decreased from 130 mV at the peak (cycle
2,800) to nearly 65 mV. Percent recharge had dropped from 175% to 162% with
an accompanying 10 psia decrease in end-of-charge pressures. At cycle 3000
the voltage charge level was again lowered, this time from BVLS 3 to BVLS 2,
Again the cycles immediately following the change showed & rise in divergence
followed by another decresse in dlvergence, recharge and pressure. The charge
voltage level was finally reduced to the lowest level, BVIS 1, at cycle 3,158.
This had the effect of reducing the voltage divergence to about 35 mV at which
value it levelled off and remained. Percent recharge stabilized at 110-115% and
cell end-of-charge pressure converged at around 5-15 psla.’

By cycle LOOO cell voltage divergence had again esppeared and therefore
an attempt was made to control the divergence by lowering the input chargerate.
On cycle 3,996 the rate was reduced from an 8 amp to a 4 amp charge and 88
cycles later 1t was reduced further to 3 amps. This had the effect of lovering
the percent recharge into the pack while maintaining the cells at a full
state-of-charge at each cycle. The voltage divergence, however, did not decrease
significantly as seen in Figure 5.2,1-2. A precharge ad justment was made on
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TABLE OF EVENTS

PACK 5
Cycle No, . Event
1,606 Performed low temperature (0°C) overcharge test
2,408 Capacity discharge to +1.0 V/cell
2,785 From BVIS 4 to BVLS 3
2,918 to 2,973 Temperature rise to 20°C
2,973 Temperature return to 13°C
3,015 From BVLS 3 to BVLS 2
3,158 From BVLS 2 to BVIS 1
3,996 Charge rate lowered from .8A to HA
L,084 ' Charge rate lowered from LA to 3A
4,250 . Removed 2 A-hr, oxygen gas (precharge adjustment)
from cell #5 ‘
TABLE 5.2.1-1
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one cell in the pack (#5) by charging the pack until & positive pressure existed
and then venting it to remove oxygen ges in the equivalent amount of 2 A-hr. This
was performed at cycle 4,250, As seen from Figure 5.2.1-2 the adjustment was
followed by an immediate rise in voltage divergence followed by a decrease to pre-
adjustment levels. Subsequent to cycle 4,500, the end-of-charge voltage spread in
the pack again increesed and reached a 81 mV peak about a thousand cycles after
the adjustment was made. Beyond cycle 5 ,000, end-of-charge voltages again conver-
-ged to a minimun of 24 mV by cycle 5,800. This reduction in dlvergence was parelled
by & reduction in percent recharge as shown in Table 5.2.1-2. Although energy bal-
ance is shown to be maintained at low recharge levels (less than 110%), the table
seems to indicate that the recharge is running down but at a very slow rate, How-
ever, end-of-discharge voltages are not showing a‘ny consistent degradation, indi-
cating that changes in end-of-charge voltege and recharge do not seem to impair
the ability of the cells to function normally.
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5,3 SUMMARY OF TEST REGIME FOR PACK 6

No. of series connected -cel.le in pack: 5

‘Cells from OAO battery S/N 34, 35 spare lot

Cell serlal nos.:
oL g2 &3 ¢ g g6 oI 8 9 ol
15k2  495A 1554 U9TA 1575 - - - - -

On test at:
nap, crane O Goddard Space Flight Center (¥
Depth of discharge: 15%
Temperature: 12-13°C
Cycle Period: 100 min.
Charge Rate: 8A
Discharge Rate : SA
Date Test Began: T7/T1 .
Type of Charge Control: BVIS L, except between cycles 1501-2360 and 36505900
when BVIS 1 was applied,

TEST DETAILS ~ -

(o]

This pack had received approximately 1200 cycles of cell verification testing '

at BVLS 8 combined with third electrode control before beginning these life
cycle tests. Third electrode control involved a bi-level decrease to BVLS J.

vhen auxiliary signal reached its limit.

158



PACK 6

—————

5.3.1 Test Description and Results

Pack number 6 consists of five (5) series connected cells taken from OAO
battery lot S/N 34 and 35. These cells had first received cell verification
testing at NASA/GSFC where they were cycled at BVLS 8 in combimation with third
electrode control.l

Following this test, in July 1971, this pack was placed on life test at
BVLS 4 et 13°F temperature., Figure 5.3.1-1 shows an end of charge voltage
divergence of 65 mV, observed after, 1500 orbital cycles. The limit was reduced
to BVLS 1 from cycles 1501 through 2360, This resulted in a smaller divergence
-- gbout 30 mV -- by cycle 2360, The test was then returned to BVLS L to
determine if a return to the original divergence value would occur. Slowly, an
increase was noted, and by cycle 3400 1t had reached a value of LT mv, At
cycle 3,413 the charger malfunctioned, exceeding its preset voltage. Cell #5
in the pack reached 1,573 volts, and total divergence was 112 mV. Three cycles
later the mishap was corrected. Then, with the voltage controlled at BVLS
4 on all subsequent cycles, another 112 mV divergence occurred at cycle 3,480,

The direct reletionship between voltage divergence and BVLS level (as
the control of charge reg.’une) has been previously noted. Generally, divergence

value seems nearly linear function of BVLS level for any given group of cells,

Prior to cycle 3,400, pressures in the pack were about 10 psia, except
cell 3 (closer to 20 psia). During those cycles without current cutback, cell
3 reached 82 psia. Later, pressures returned to normsl.

Table 5.3.1-1 shows the cha.rge/discharge parameters found in cycles 5000
'thmugh 5900. Voltage divergence was low -~ 10 to 30 mV., Despite a falling
recharge percentage, these cycles demonstrate that 3 amp charge rate at BVIS 1
is sufficient to maintain energy balance for more than 1000 cycles. This is
identical to the findings from pack 5 tests.
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S.4 SUIMMARY OF TEST REGIME FOR PACK 35B

No. of series connected cells in pack: 5

Cells from OAO battery S/N 34, 35 spare lot

Cell serial nos.:

cL 2 @3 &
1573 5124 1578 515A
On test at:

NAD, Crane ®
Depth of discharge: 15%
Temperature: 10°C
Cycle period: 90 minutes
Charge rate: 8 amp
Discharge rate: 6 amp
Date test began: 1/26/T1
Type of charge control:

TEST DETATLS -
0 This pack is similar to pack 23B except for the following details:
- Has two third-electrode cells (5124 and 515A)

- Has not received any capaclty checks

£
k92

BVLS L4 cycling

6 g B @

Clo

Goddard Space Flight Center ()

- Has not received any overgharges greater than the BVLS L4 cycling.

~ The cells received an urmodified Gulton precharge.
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PACK 35B

5,4,1 Pack Description and Test Results

hck 35B consists of five series- connected cells from the spare lot of OAO
battery S/N 3%, 35. Unlike peck 23B, these cells received an unmodified Gulton
precharge., However, the gas vented from each cell was collected and is given

in the precharge section of this report. Following the routine electrical
testing at the seller facility, the cells were sent to NAD, Crane for additional
testing in January 1971. '

Upon arrival at NAD, Crane the cells received a C/20, 4B-hour conditioning
cycle (see Figure s.4,1-1). Following the conditioning, the pack was discharged .
at C/2 rate to +0.5 volts each cell, Capacities were as follows:

Cl c2 C3 2 Ch B ~C5
24,2 A-hr, 23.7 A=hr. 24,0 A-hr. 23.5 A-hr, 24,2 A-hr.

During two taper charge:i-\'lhich followed, the cells developed high pressures in
the 5 amp portion of charge since they did not reach the voltege limit »- 1.496
volts -~ result;ing in an overcharge. The maximum voltage during the first
taper charge was 1.487 V (Cc5) after twenty minutes. In the second, cell C5
was again just short of the voltage limit 1.491 volts after twenty-five minutes
‘at 5 Amp rate. (A similar occurwence was observed on peck 23B,) During the third
teper charge, cell C5 reached 1.496 volts at 5 Amp rate after seventeen minutes
and no high pressures occurred.

on 2/1/TL a 0°C overcharge test was performed on 35B Figure 5.4.1-2
shows the results of this test., Cell voltages remained falrly close throughout
the overcharge; divergence at the voltage peak was 15 mV while at the end of
the charge it was only 11 mV, ’

After two more taper charges the pack vas placed on automatic cycling
at BVIS L. Initial recharge ranged between .108 and 110 perdent as shown in
Figure 5.4.1-3, Although this pack never disp]ayed the extent of voltage
divergence that pack 23B did, by cycle 2300 cell ch (S/N 5154) was beginning
to show higher voltagee than the others. Tseble 5,4.1-1 shows representative
end-of-charge voltages from cycles 2301 through 5600 with the pack at BVLS '

" %  Taper charge is defined as follows: ¢/2 (20 Amp) until first cell
reaches 1.496V; then C/4 (5 Amp) until first cell reaches 1.496V; then
1.6 Amp for U4 hours.
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Cycle cl ce c3 ch (o]

2301 1.4k 1.43 1.Lk3 1.45 1.bk2
2L 77 1.Lhb 1.43 1.43 145 1.L43
2567 1.4 1,43 1.43 1.45 1.43
2827 144 145 1.4 1.6 1,45
3336 1.4h 1.4 1.L43 1,46  1.43
3752 1.4 1.4 1.4k 1.46 1.4k
14000 145 1.5 145 LUT 145
5600 1,45 1,46 1.5  1.48 1.k5

TABLE 5.4.1-1

As can be seen, cell Ck is 20-30 mV higher than the rest by c&cle #5600, Pack
23B had a divergence of 150 mV by cycle 5600. A typical charge, around cycle
#4000, is shown in Figure 5.4.1-4, The peculiar voltage profile of cell Ch,
with respect to the rest of the pack, 1s obvious.

On 10/24/TL, at cycle 4200, the pack received a 0°C overcharge to see
how cell Ch would behave if not tied to a voltege 1imit., The results, shown
in Figure 5.4.1-5, demonstrate thet Ck is truly exhibiting a higher voltage
than the rest of the pack for the same charge current.

on 2/23/72, at cycle 5600, the cells exhibited the following end of
charge voltages: Cl = 1,450V, C2 = 1.455 v, €3 = L.W47 v, Ck = L.L75 V, and
C5 = 1.451 V. Agide from cell Ch, which has a divergence of nearly 30 mV,
the rest of the pack shows remarkably close voltages. If we compare this to
pack 23B after the same number of cycles, we see that 35B shaws much better
voltage uniformity. It is not believed the special precharge ‘perfomed on 23B
accounts for its greater voltage divergence since similar divergences have
oceurred on other cells with the standard precharge adjustment; and from this
seme battery lot. However, inspection of the cycling regimes of the various
packs shows that pack 35B received lover totel overcharges in ampere-hours
than the other packs., Overcharging seems to cause certain stresses in the
cell which may be manifested as voltage divergence., The nature of these stresses
are, as yet, unknown, although they have appeared'frequently. In an attempt
~ to assess reduction techniques for divergence, the pack was placed on a lower
1imit (BVLS 1) on 2/24/72 at approximately cycle 5610, This should heve the .
effect of limiting the overcharge each cell would experience since the current
is exponentially decreased earlier in the charge period. By 3/17/72 -
approximately three weeks (300 cycles) later -- cell Clk was only 16 mV higher
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than the lowest cell in the pack. VVoltages at end-of-charge were as follows:
Cl - 1,415V, ¢z = 1.,k23 v, €3 = 1,k23 V, ch = 1,431V, C5 = 1,419 V. Thus it
appears that lowering the degree of oyercharge (percent recharge) controls
and minimizes voltage divergence. Additionel evidence for this is shown for
packs 5 and 6 on cycling test at Goddard (see 5.2.and 5.3).
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5.5 SUMMARY OF TEST REGIME FOR PACKX 12F

No of series connecfed cells in pack: S

Cells from OAD battery S/N 32, 33 spare lot

Cell serial nos.:
a e g3 oo 6 g B8 @ g
LolA 916 95k 920 955 - - - . -

On test at: : .
NAD, Crane (® Goddard Space Flight Center ()

Depth of discharge: 15%
Temperature: 20°C

Cycle Period: 90 minutes
Charge Rate: 8 amp
Discharge Rate: 6 amp
Date Test Began: 5/5/T0
Type of Charge Control

TEST DETAILS -

[o]

This pack was on the same regime as pack 35B, except at higher temperature
(20°C instead of 10°C)

This pack was previously tested for 800 cycles at Goddard on various BVLS
levels. It was designated Pack #1 at GSFC.



PACK 12E

5.5.1 Pack Description and Test Results

Pack 12F is a five (5)-cell pack on 20°C life cycling at NAD, Crene.
The cells, from the spare lot of OAO battery S/N 32, 33 cells were tested
for 800 cycles at GSFC on various BVLS levels before being sent to Crane,
It began 20°C 1ife cycling in May of 1970,

Upon receipt at NAD, Crane, the pack was given a C/10, 16-hr. conditioning
charge after which a C/2 capacity dlscharge to +0.5 volts was performed.
Capacities ranged as follows: Cl = 29.3 A-hr., C2 = 28,0 A-hr., C3 = 28,5 A-hr.,
ch = 27.1 A-hr. and C5 = 27.5 A-hr,, The pack was then shorted, and a follow-
ing open circult recovery test revealed no shorts. Following & taper charge¥*,

another capacity discharge at C/2 to +0.5 volts gave the following capacities:
Cl = 27.3 A-hr., C2 = 27.8 A-hr., C3 = 28,1 A-hr., Ck = 27.8 A-hr,, C5 = 27.1
A-hr.,., A slight decréase in capacity is seen in a few of the cells. After
another taper charge the cells were agaln discharged, this time at the cycle
rate (6 amps) to +0.5 volts. Capacities were lower: Cl = 25.26 A-hr., C2 =
25,38 A-hr., C3 = 25,38 A-hr., Ck = 24,96 A-hr., C5 = 25.56 A-hr.. The pack

. began active cycling on 5/13/10. Percent recharge for the first thousand cycles
remained at 107-108% (Figure 5.5.1-1). The end-of-charge voltages among the
cells ranged from 1.42-1.4% volts duting this period, a divergence of 15-20 mV,
Figure 5.5.1-2 shows the voltage spread between the cells for the first 9000
cycles.

In July of 1970, pack 12E was subjected to its first o°c overcharge test
at approximatelyA eyele 917. During the charge, cell Cl reached a high voltage
(over 1,55 volts). The discharge following the overcharge revealed that Cl
was the highest capacity cell (C/2 to +1.0 V):

Cl = 29,00 A-hr.

2 = 27.60 A-hr.
C3 = 26.80 A-hr.
Ch = 25,80 A-hr.,
C5 = 27.10 A-hr.

Following the capacity check the pack was taper charged and returned to
cycling. On 10/19/70 after 2,477 cycles, the pack was again subjected to o°c
overcharge tests. Cell Cl reached very high volteges during the first over-
charge (a maximum of 1.621 volts). The cell was shorted and reversed by 2

* For this pack taper charges were C/2 to voltage limit then
¢/4 to voltage limit then
€/10 for one hour
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A-hr. to discharge the negative electrodes by that amount. The overcharge
tests were repeated., Once agaln cell Cl exhibited high voltege on charge,
about 1.612 volts at the peak. At this point it was decided to remove Cl
from the pack and perform electrode capacity tests to determine the ratio
and distribution of the electrode capacities, S

On 10/26/70 this cell (S/N 494) was removed from pack 12E and discharged
at 6.0 amps to +0.5 volts. Capacity to +1.0 volt was 28.8 AH and to +0.5 volt
was 29.22 A-hr.. A 1 L1 resistor drained the cell for 16 hours prior to
performing the electrode capacity retio tests. The cell was reversed to -1.0
volts to determine the amount of precharged negative capacity. It was then
£looded witl electrolyte,charged at C/40 for 48 hours, and discharged at a
C/2 rate to -1,5 volts. Table 5.5.1-1 shows the results given in ampere-

hours:

Precharged Negative Capacity to the Following volteges in A-hr,:
Capacity in A-hr. +4,0V 40,5V +0.0V -0.5V -1L,0V =-1l.5V
7.23 29,50 29.80 30.02 34.90 35.10 35.40
TABLE 5.5.1-1

As indicated, little or no excess negative capacity exiets at the charged end;
the total excess being in the form of precharged negative. The cell was again
charged for 48 hours at €/10 and then discharged at C/2. The results from
+1.0 volts to -1.5 volts were: 27.83 A-hr., 28,17 A-hr., 29,00 A-hr., 32,50
A-hr., 82.70 A-hr. ‘and 32.80 A-hr., respectively. Additional tests were
performed on individual electrodes removed from the cell case, The nickel

and cadmium plates were charged at a 0.222 ampere rate each for 16 to 20 hours.
Discharges were performed at & 1.11 amp rate on each plate. The results of
tests on two cadmium and two nickel plates from Cl are given in Table 5.5.1-2.

Sample Type E,0.CeVe Capacity (A-hr.)
P1 Cadmium 1.633 V 3.02
P2 Cadmim 1.632 V 3.13
Pl Nickel -- 3.h2
P2 Nickel -- 3.25

TABLE 5.5.1-2

We see from Table 5.5.1-2 that the positive capacities exceed the negatives
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by as much as 12%. Crane reported that the separator "showed excess migration
and moderate separator deterioration.” It appears that the high voltages
experienced during the low temperature overcharges were the result of nega-
tive limiting on charge. This should have the effect of establishing high
pressures within the cell since the negatives would gas hydrogen with each
overcharge. However, no high pressures were indicated.

On 11/10/70 at cycle 2729, cell C4 (S/N 920) was removed from the pack,
also due to high voltages. The cell was discharged at C/2 to 0.0 volts and
then reversed at C/lO to =1.0 vwlts to determine the amount of negative pre-
charged capacity., Table 5,5.1-3 gives the results of this precharge measure-
ment as well as a subsegquent capacity discharge at C/2 to -1.5 volts.

Precharged Negative Cepacity to the Following vVolteges in A-hr.
Capacity in A-hr, +1,0 V +.5V 0,0V =0.5V -1, 0V -1.5V

10.6 A-hr. 24,33 26.83 28.50 - - -
’ 28,00 28,20 29,00 37.70 38.50 38,50

TAEBLE 5.5.1-3

Table 5.5.1-3 shows essentially the same results as Table 5,5.1-2 showed for
cell Cl. About 10,6 ampere-hours of precharged negative capacity exists in
the cell, representing all of the excess. This cell, like Cl, was probably
negative liniiting on charge, resulting in high voltages and hydrogen gas
evolution, :

The othef three cells in the pack remained on cycling after Cl and Ck
were removed. Percent recharge remained about 107% until cycle 4500 after
which it dropped to lower than 104%. Divergence in the three-cell pack
showed a slight rise after the two cells were removed, but remained less than
100 mV through cycle 9000, End-of-charge voltages at cycle 9042 ranged from
1.403 volts to 1.460 volts., It is likely, in view of the high amount of pre-
charge measured on the two cells removed, that the remaining three cells are

also negative limiting on charge. A gas sample taken on 9/1/T.L, at cycle ThoO,
revealed 100% H; gas in cell 3.

5.6 SPECIAL TESTS ON BATTERY SERIAL NUMEERS 30 AND 31
Nickel-Cadmium Aerospace batteries are rarely used immediately after

manufacture, Generally, there are several weeks of pre-flight checkouts,
each separated by periods of inactive storage. A prerequisite for maintaining
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quality battery performance, therefore, is a proper storage mode prior to
flight use.

Data on OAO battery S/N 30, 31 indicated that a high voltage divergence
among the cells was occurring, and that this was correlatable to the time
the battery stood open-circuited, Other data indicated that divergence
could be significantly reduced by keeping the batteries short-circuited when
not in use. .

Figure 5.6-1 shows the overcharge voltage profile of two cells in
battery S/N 30, 31 as a function of battery age*. The charge at 15 and 185
days shows no appreciable rise or divergence in voltage. However, after
500 days cell S/N 698 reached the hydrogen evolution voltage limit before
three hours into the charge and the current had to be reduced. Even at this
reduced rate (0.5 amp) it again reached the hydrogen evolution voltage limit
and current had to be further reduced. The trend after 750 days (bottom
curve) is similar although the voltage limit was reached even sooner.

Figure 5.6-2 shows the rise in cell voltage with age. As seen, those
test cells from the battery S/N 30, 31 which were stored in e shorted con-
dition since theyileﬁ. the seller's facility immediately following thelr
manufacture and test showed neither high overcharge voltage nor a large
‘divergence at over 500 days of age.

Figure 5.6-3 presents the maximum cell voltage spread on low temperature
overcharge as a function of the cell's age. Again, the general diverging
trend is readily observed. :

Voltage rise with age has been attributed to negative electrode
capacity loss through a mechanism reducing the amount of eactive cadmium
available for electrochemical reaction. Charging the cell at low temperatures
imposes more of a stress on the cadmium electrode than on the nickel
electrode. Unless there is a sufficlent excess of Od(OH)2 at the charged end,
the cell could become negative limiting, evolving hydrogen. Battery S/N 30,
31 had a low final ratio of negative to positive capacities (1.074-1.279
based on four sé.mple cells from that assembly). Later batteries have been
fabricated with higher ratios to ensure sufficient negative excess.

Carbonate in the electrolyte has also been shown to cause an increase in
cell voltage, but the amount of carbonate in those cells was not measured and
the extent to which carbonate can raise cell voltage is not well known.

* Age is defined as the time from cell activation to test date.
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FIGURE 5.6-2
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5.7 SUMMARY OF TEST REGIME FOR PACKS 2154, 216A, 217A

o No. of series connected cells in pack: 5 per pack
o Cells from OAO battery S/N 34, 35 spare lot

o Cell serial nos.:

217A

521A

1473
917

1484
522A

I

[
N
[
e

Q

| d

C1
ca
C3
chk
C5

o On test at:
NAD, Crane (X Goddard Space Flight Center ()
Temperature: R,T.
Dete Test Began: 4/14/T1
Dep;bh of Discharge:
Cycle Period:
Charge Rate?
Discharge Rate:
Type of Charge Control:

Cl = 525A
c2 =
1523 C3 = 1478

c5 523A c5

nonononon
58
%

o
23
g
838
nunauan

0 0 0O o 0o O ©o

TEST DETAILS -

These three packs underwent six-month storage perlods in various modes.
Pack 215A received a random electrical manipulation to duplicate the conditions
vhich OAO batteries experience during their pre-flight vehicle integration.

Pack 216A was shorted for the full six months while Pack 21TA
received a continuous trickle-charge for the duration of the storage period.
Afterwards, the packs were tested to determine the effecte the various storage
modes had on their performence. Following these tests all three packs were
placed back in theif respective storage modes for another six-month period.
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5.7.1 Test Results

The packs were stored in various modes for & six month period., Pack
215A underwent a random electrical regime to simulate the type of treatment
an OAO battery would receive during the spacecraft integration and checkout
period. Pack 216A was kept electrically shorted for the entire six month
period, the mode. presently used when the OAO batteries are in inactive
storage. Pack 217A was on trickle-charge (500 ma) throughout the period.
All three pecks received electrical characterization cycles upon termination
of the storage test period to determine what, i1f any, changes had occurred
in their performance. The results which follow are .for the end of the first
six month storage. Upon completion of the electrical re-characterization
regime the cells were placed back in their respectlive storage configuretion
for testing at six month intervals. Tables 5.7.1-1 through 5.T.1-3 list
the checkout tests performed on the packs before and after they were stored
for the six months.
5.7.2 Analysis of Results

Tables 5.7.2-1, 5.7.2-3 and 5.7.2-5 show the capacity measurements
made before and after the storage period. Before the storage period, all
packs showed similar capacities; the cells ranging from 23.3 A-hr. to
25.2 A-hr.. Following the storage, pack 2154 (Table 9,7.2-1) showed a slight
increase in capacity while the other two packs showed slight decreases., It

is interesting to notice the large increases tn cepacity which occurred on
packs 2154 and 217A :en 10/24/7l. These two packs received an 11 hour, 1
amp, charge prior to being teper charged. This low rate charge before
the taper charge may be responsible for the increased capacity since
pack 216A, taper charged without first having the 1 amp charge, did not
show any capacity increase. All three packs had been sufficiently overcharged
prior to this capacity check and the A-hr. input was similar on all the
packs (36.3 AH to 41.6 AH). If the low rate charge is, in fact, responsible
for the capacity increase, the mechanism causing the greater returm
is unknown, slthough it may "condition" the cell to take the higher rate
charge more efficiently., No shorts of any kind seem to have occurred &s
a result of the storage as evidenced by the open-circuit recovery results '
shown in Tables 5.7.2-2, 5.7.2-4 and 5.T.2-6.

Of prime interest in these tests was to see how the cells reacted to
& lov temperature overcharge following storege. Recsll that it was the
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TABLE 5.7.1-1

CHECKOUT TESTS AT NAD, CRANE (PACK 2154)

183

DATE TEST COMMENTS
4/9/TL  c/20 for L8 hours Initial conditioning charge
L/9/T1 Capacity discharge C/2 to 0.5 V each Capacity data given in
taper charge Table 5.7.2-1
4/11/71  Taper charge See variation of cell voltage
on taper charge in Figure 5.7.2-1.
4/12/7T1 C/2 dischg. until first cell reaches C5 first to reach 0.5 V after
0.5V 2. hr. 25 minutes. (24,10 A-hr,)
"4/12/71 16 hr., 14 -short _
4/12/71  24-hr. open ckt. stand Open-circuit volteges Table
5.7.2-2 ‘
4/13/TL Taper charge
4/1k/T1  h-hr. stabilization in 0°C chamber @
0.5 amp
4/14/71 Dischg. 6.0 A, 5 minutes
4/14k/TL  Overcharge C/20 for S hours See varietion of cell voltage
in overcharge, Fig. 5.7.2-k
L/14/71 Capacity discharge C/2 to 0.5V C5 first to reach 0.5 V after
(1st cell) 2 hr. 24 minutes (24.00 A-hr.)
4/i4/T1  Taper charge .
L/1k/T1
to STORAGE TEST
10/19/T1 0
10/21/71 k-hr, stabilization in O C chamber,
€@ 0,5 amp
10/21/71 Dischg. 6.0 A, 5 minutes
10/21/7t Overchg. C/20 for 5 hours See Figure 5.T.2-4
10/22/71 Capacity discharg. C/2 to 0.5 V ea. See Table 5.7.2-1
10/22/71 16 hr., 1Lishort See Table 5.7.2-2
10/23/71 1 emp charge for 10,5 hours S/B teper (10A) charge instead
of (1A) charge rate
10/24/TL Taper charge
10/24/71 C/2 to 0.5 volt ea. See Table 5.7.2-1
10/2h/ Tl Taper charge (NOTE: terminated after 10
minutes on 1.6A due to high
cell pressure on cell #508 =.
+76 peig and ceil #520 = +82
psig
10/24 /71 .
to OPEN CIRCUIT
10/27/70 o
10/27/71 4 hr. stabilization in O C chamber
@ 0.5 amp
10/27/71 Dischg. 6.0 A, 5 minutes
10/27/TL Overcharge C/20 for 5 hours See Figure 5.7.2-4 (NOTE:
' overcharge terminated after
2 hr,,15 minutes @ O°C @ 1
amp due to high voltage on
A cell #508 = 1,553 V). ,
10/27/7T1 Capacity dischg. (C/2 to 0.5 volt See Table 5.7.2-1 (NOTE: cells
ea. discharged past 0.5 V - cell
_ #530 down to 0,171 volts)
10/28/71 Taper charge See Figure 5.7.2-1 (WOTE: 1.6A

rate terminated after 1 hr. 47 min,
due to high cell pressure on cell #508
= +64 psig and cell #520 = +T5 psig.



TABLE 5.7.1-2

CHECKOUT TESTS AT NAD,” CRANE (PACK 2154)

DATE
4/7/TL  C/20 for 48 hrs, : Initial oconditioning eycle
L/9/T2 Capacity dischg. C/2 to 0,5V ea, Capacity data given in Table 5.7.2-3
4/11/T1  Taper charge : S8ee variation.of cell voltage on
- taper charge, Figure 5.7.2-2
4/12/71 c/2 dischg. until lst.cell reaches C3 first to resch 0,5 V after 2 hr.
‘ 0.5V . : 27 min. (24,5 A-hr.) :
4/12/71 16 hr. 1fLshort ) - .
4/12/71 2k hr. open-ckt. stand : open-ckt. voltages Table 5.7.2-k
4/13/71 Teper charge ’ o . : :
k/ik/T1 4 hr. stebilization in 0°C chamber
@ 0,5 amp
4/i4/T1  Dischg. 6.0 A, 5 min, o ‘
4L/14/TL  Overchg. C/20 for 5 hrs. in 0°C See variation of cell voltage in
chamber : overcharge, Figure 5.7.2-5
4/1k/T1  Capactty dischg. C/2 to 0.5 V C3 first to reach 0,5 volts after
(st cell) 2 hr, 20 min, (23.33 A-hr.)
L4/14/71  Taper charge A
4/15/71 Dischg. C/2 to 0.5 V (1st cell) C3 first to reach 0.5 volts after
_ ' 2 hr, 15 min, (22.50 A-hr.)
L4/15/71  1.fishort, 16 hrs.
4/15/7T1 Dead short each cell
4/15/71
to STORAGE TEST
10/20/T1
10/20/T1L C/20 for 48 nrs. Post short conditioning
10/22/71 Temp. stabilization L hrs.,
o°Cc @ 0.5 amp
10/22/71 Dischg. 6.0 A, S.min,
10/22/T71 Overchg. C/20 for 5 hrs. See Figure 5.7.2~5
10/22/71 Capacity dischg. to 0.5 V ea, See Table 5.7.2-3
10/22/T71 16 hr. 10 short
10/23/TL 24 hr. open ckt. stand See Table 5.7.2-k
to
10/24/T1 24 hr, open ckt. stand
10/24/T1 Taper charge . : .
10/26/T. Capacity dischg. to 0.5 V ea, See Table 5.7.2-4
10/27/T1 Taper charge
10/2T/T. b hr. stabilization in 0°C
chamber @ 0.5 amp
10/28/71 Dischg. 6.0 A, 5 min, - .
10/28/T1. Overchg. C/20 for 5 hre. FOTE; Terminated after 45 min.
due to high wolteges on cells
1,543 V to 1.556 V, all cells).
10/28/T1 Capacity dischg. to 0.5 V ea, See Table 5.7.2-3
10/28/7L Taper charge _ See Figure 5,7.2-2
10/28/71 Dischg. C/2 to 0.5 V 1st cell C2 first to reach 0.5 V after
2 hr. 14 min, (22,33 AH)
10/28/T1 Short 1.a., 16 hrs.
10/29/7L Deed short each cell



TABLE 5.T7.1-3

CHECKOUT TESTS AT NAD, CRANE (PACK 217A)

DATE
4/7/7TL  C/20 for 48 hours Initial conditioning cycle
h/9/71 Capacity dischg. c/2 to 0.5V ea. Cepacity data given in Table 5.7.2-5
4/11/71 Taper charge See variation of cell voltage on
) taper charge, Figure 5.T.2-3
k/12/T2  C/2 dischg. until first cell C5 first to reach 0.5 volts
reaches 0.5 V after 2 hr. 21 min. (23.50 A-hr.)
4/12/T1 16 hr., 1 S-short
4/12/71 24 hr. open-ckt. stand Open-ckt. voltages, Table 5.7.2-6
4/13/7L Taper charge
L/1k/TL b hr. stabilization in 0°C chamber
@ 0.5 amp
4/14/71 Dischg. 6.0 A, 5 minutes
L/14/TL  Overchg. C/20 for 5 hrs. in o°¢c See variation of cell voltage
chamber in overchg., Figure 5.7.2-6
4/14/TL  Capecity dischg. C/2 to 0.5V C5 first to reach 0.5 volts
(1st cell) after 2 hr, 20 min. (23.30 A-hr.)
L/14/TL  Taper charge : _
4/15/T2 Trickle charge (500 MA)
L/15/M
to STORAGE TEST
10/21/71 :
10/21/71 Temp. stebilization
' 4 hr., 0°C @ 0.5 amp
10/21/TL Dischg. 6.0 amp, 5 min.
10/21/TL Overchg. €/20 for 5 hours in See Figure 5.7.2-6
0°C chamber
10/22/T1 Capacity dischg. €/2 t0 0.5 V ea.  See Table 5.7.2-5
10/22/71 16 hr. 1.wshort
10/23/7t 24 hr. open ckt. stand See Table 5.7.2-6
10/23/TL 1 emp charge for 11 hrs, ~ S/B taper (10A)
10/24/T1L Capacity dischg. C/2 to 0.5 V ea.
10/25/TL Taper charge ' See Table 5.7.2-5
10/27/TL Temp. stabilization
4 nr., 0°C @ 0.5 amp
10/27/7L Dischg. 6.0 A, 5 min,
10/27/7L Overchg. C/20 for 5 hrs. in
0°C chamber See Figure 5.7.2-6
10/’?,7/_’.’1 Capacity dischg. C/2 to lower C5 discharged down to 0,195 wvolt
U tham 0.5V T en o
10/28/71 Taper charge - See Figure 5.7.2-3
10/29/71 Placed back on trickle charge _

(500 ma).
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